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ABSTRACT 
The effects of recycling over a two-year period at temperatures from I 0- 25 oc were 
studied in four strains of entomopathogenic nematodes: Steinernema carpocapsae All strain, 
Steinernema feltiae NF strain. Steinernema foltiae Umea strain and Steinernema riobravis TX 
strain. The main objectives of this investigation were to study the capacity for, and mechanisms 
involved in. thermal adaptation of a native (NF strain) boreal steinemematid nematode and to 
compare it with strains of entomopathogenic nematodes originating from another boreal region 
(Sweden~ Umea strain), temperate zone (All strain) and subtropical zone (TX strain). 
On the basis of morphometry and restriction fragment length polymorphism in ribosomal 
DNA spacer. a nematode that was isolated from soil near St. Jolm's, Newfoundland, Canada, was 
designated as a new strain, NF, of S. foltiae. To determine whether taxonomic separations of 
entomopathogenic nematodes could be accomplished on the basis of physiological properties 
other than DNA profiles. cellulose acetate electrophoresis was used to separate isozymes of eight 
enzymes in infective juveniles of five strains of Steinernema. These strains comprised the four 
listed above. together with S. foltiae L 1 C strain, isolated 14 years previously from Newfoundland. 
Based on comparisons of the relative electrophoretic mobilities (J.L) of the isozymes, it was 
concluded that the five isolates could be distinguished. This finding suggests that cellulose acetate 
electrophoresis could be an important taxonomic tool for the identification of isolates of 
steinernematids, provided that a combination of enzymes is used. 
The capacities for high temperatures and freezing tolerance were determined and found 
to be affected by the temperatures at which recycling was carried out. In all the isolates, the 
UT50, the temperature at which 50% of the infective juveniles die~ increased with increase in 
lll 
recycling temperature. Freezing tolerance. as measured by times at which 50% of the infective 
juveniles were killed (Lt 50) by a -5 oc regime. was reduced at higher recycling temperatures. 
Boreally adapted S. feltiae was more cold tolerant than S carpocapsae and S. riobravis, but its 
capacity to withstand freezing was reduced by recycling at warmer temperatures. The greatest 
capacity for heat tolerance was observed in S. riobravis, while S. carpocapsae displayed an 
intermediate degree of tolerance to high temperatures. 
Infectivity was found to be modified by the recycling temperatures. This was examined 
by measuring LD50 values in G. mellonella larvae at bioassay temperatures from 5 to 25 °C. 
Only the infective juveniles of S. feltiae that had been recycled at 10 oc infected and killed the 
insects at a 5 oc bioassay temperature, whereas S. carpocapsae and S. riobravis were infective 
at 1 0 oc only when the recycling temperatures were ~ 20 °C. The infectivity of the two strains 
of S. feltiae at 10 or 15 oc was compromised by propagating them at warmer temperatures (20-
25 °C). The S. feltiae Umea strain displayed an impaired capacity to infect hosts at warm 
temperatures (20- 25 °C) when recycled at colder (~ 15 °C) temperatures. 
The pattern of isozymes was modified according to the recycling temperature regime. In 
all four isolates. isozyme banding patterns of malate dehydrogenase (JviDH), mannose-6-
phosphate isomerase (MPI) and phosphoglucomutase (PGM) were affected by recycling or 
storage temperature. The two strains of S. foltiae synthesized additional isozymes of MPI and 
MDH or PGM in response to cold temperatures, whileS. carpocapsae All strain synthesized three 
isozymes of MDH in response to warm temperatures. Modifications of isozyme synthesis may 
constitute a temperature adaptation mechanism for these nematodes. 
In all four isolates, the kinetic properties of glucose-6-phosphate dehydrogenase and 
LV 
hexokinase were affected by the recycling temperature. At each assay temperature (5- 35 °C). the 
maximum specific activity of both the enzymes was greater in the nematodes that had been 
recycled at lower temperatures than in those reared at higher temperatures. In three enzyme -
nematode isolate combinations. the lowest I<m values occurred in nematodes that had been 
recycled at the lower temperatures. 
Using gas liquid chromatography. it was determined that the composition of fatty acids 
in total lipids and phospholipids changed adaptively with recycling temperatures. In all four 
isolates. the unsaturation indices of total lipids and phospholipids were increased as temperature 
decreased. This was due to an increase in polyunsaturated fatty acids a with concomitant decline 
in the proportion of saturated fatty acids. especially palmitic (16:0) and/or stearic (18:0) acids. 
The increase in polyunsaturated fatty acids at reduced temperatures was attributed to significantly 
greater percentages of linoleic acid (18:2) in total lipids and phospholipids. In all except S. 
riobravis, this was augmented by increased proportions of eicosapenic acid (20:5w3) at 5 °C. 
Together. these results suggest that the various recycling temperatures influenced the 
capacities of the entomopathogenic nematodes for temperature tolerance and infectivity at an 
organismal level. At the physiological level, the synthesis of isozymes. enzyme kinetics, and 
composition of fatty acids in lipids were modified by the recycling temperatures in an apparently 
adaptive fashion. The degree to which the various physiological changes provide an underlying 
basis for those at the organismal level is discussed. 
This thesis is dedicated to the memory of 
my father, aunt and uncle who were 
the continuous source of 
inspiration for me 
in every walk 
of life. 
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CHAPTER l 
GENERAL INTRODUCTION 
2 
l.l. The need and potential for biological control 
With the development of synthetic organic pesticides immediately after World War 
n. the use of modem insecticides to control insect pests has been a necessary part of crop 
production and prevention of insect-related health problems. However. extensive use of 
pesticides has posed several problems. such as persistence of pesticidal residues in the 
food-chain. insect resistance to chemicals. adverse effects on beneficial organisms. pest 
resurgence. health and environmental risks (Ehlers. 1996; Metcalf and Ludemann. 1994). 
In order to protect the environment and improve the productive capacity of agriculture, 
the use of pesticides should be reduced/eliminated and alternative methods for control of 
insect pests developed. 
Biological control is a good alternative method for pest management and has been 
considered for use since the last century (Metcalf and Luckmann, 1994). The principal 
advantages of this method are: suppression of the insect pest species below the economic 
injury level. self- perpetuating characteristics and reduced environmental and health risks 
(Ehlers. 1996; Ehlers and Hokkanen. 1996; Metcalf and Luckm~ 1994). 
1.2. Nematodes as potential biocontrol agents 
Insect control by using their natural nematode parasites occupies a prominent 
position among the biological control agents against insects proposed to date. According 
to the survey conducted by Lisansky and Coombs (1994), nematodes share 13.3% of the 
current $75m biopesticide market and there is a growing interest among fanners for the 
.., 
..) 
use of nematodes as biopesticides against insect pests infesting citrus, turf grass and 
mushrooms in the U.S.A. and Japan as well as against green house pests in Europe (P. 
Gre\vaL personal communication: Ehlers. L 996: Gaugler and Hashmi. 1996; Grewal and 
Smith. 1995: Klein. 1993). Although nematodes belonging to L 9 families are recognised 
as facultative or obligate parasites of a wide range of insect orders (Poinar. 1979). only 
the members of three families, Mermithidae. Heterorhabditidae and Steinemematidae, have 
been considered to be potentially effective biocontrol agents. (Bedding et a/., 1993; 
Gaugler and Kaya, 1990~ Petersen, 1985). 
1.2.1. Mermithidae 
The mermithids are a family of nematodes that parasitize arthropods. Over 200 
species of mermithids from 32 genera have been reported as parasites of insect species 
(Nickle. 1981 ~ Petersen, 1984; Poinar, 1979). The newly-hatched infective juveniles (syn. 
pre-parasites) of these nematodes enter the hemocoel of insect hosts by penetration of the 
host's cuticle (Shamseldean and Platzer. 1989). Within the hemocoel, nutrients are directly 
absorbed from the hemolymph by transcuticular uptake and stored in the nematode's 
trophosome (Gordon and Burford, 1984) for subsequent utilization by the post-parasitic 
free-living stage. Upon completion of parasitic development, the nematodes emerge as 
free-living stages (postparasites) from the host by rupturing the host's exoskeleton. This 
rupturing of the cuticle is lethal to the host. The post-parasitic stage enters the 
soiVsediment, matures, mates and lays eggs to complete the life cycle (Petersen, 1985). 
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During the 1970s. most of the fundamental and applied research on insect parasitic 
nematodes was devoted to this family. especially to the species that are parasitic to 
mosquitoes (Petersen. 1985). Romanomermis culicivorax Ross and Smith, 1976. was 
widely regarded as a potential biocontrol agent for mosquitoes (Petersen. 1984). Despite 
its biocontrol potential. research on R. culicivorax has declined during the last decade, 
because of the inability to culture merrnithids in vitro and consequent difficulty in 
obtaining sufficient numbers of infective juveniles of the nematode at a commercially-
feasible cost for field applications. Poor storage and transport capabilities of these 
nematodes were additional drawbacks to their commercialization (Kaya eta/., 1993). 
1.2.2. Heterorhabditidae and Steinernematidae 
Because of the failure of attempts to develop mermithid nematodes as insect 
biocontrol agents, most of the subsequent research during the 1980s and 1990s has been 
focused on nematode species from two families: the Steinemematidae and 
Heterorhabditidae. This is because these nematodes are easily mass produced, widely 
distributed in nature, possess broad host ranges and kill the host within 48 hours. They 
are readily mass produced, harmless to economically important insects, vertebrate animals, 
and plants. and compatible with many pesticides (Bathon, 1996; Bedding et al., 1993; 
Gaugler and Kay~ 1990). The steinemematid and heterorhabditid nematodes are called 
entomopathogenic nematodes because they are symbiotically associated with bacteria 
which play an important role in pathogenesis, nematode nutrition and development 
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(Boemare er a/ .• 1993: Popiel and Hominick. 1992). 
1.2.2.1. Biology of heterorhabditid and steinernematid nematodes 
The third stage (dauer) infective juveniles are thought to be non-feeding stages, 
generally found in the soil and carrying species- specific bacteria of the genera 
Xenorhabdus (in f. Steinernematidae) and Photorhabdus (in f. Heterorhabditidae) in their 
intestines. Infective juveniles of steinemematids enter their host's hemocoel through 
natural openings such as the mouth. anus and spiracles (Poinar, 1990), whereas those of 
heterorhabditids also enter their host's hemocoel through natural openings or by 
penetrating directly through the exoskeleton (Bedding and Molyneux, 1982). Once in the 
hemocoel. each infective juvenile releases the mutualistic bacteria from its anus. The 
bacteria release toxins to kill the insect host, usually within 48 hours at 20- 25 °C. 
Bacteria also produce antibiotics to preserve the insect cadaver against putrification and 
reproduce within the cadaver, providing a nutritional milieu for nematode development 
and reproduction (Poinar, 1990). Depending upon the availability of food, nematodes 
produce 2-3 generations within the insect cadaver and emerge as infective juveniles to 
search for new hosts. The life cycle of steinemematid nematodes is generally completed 
within 7-10 days at room temperature (ca. 25 °C), whereas for heterorhabditid nematodes 
12-15 days are required to complete their life cycle (Kaya et al. , 1993). The basic 
difference between the reproduction of steinemematid and heterorhabditid nematodes is 
that the infective juveniles of Steinernema develop into males and females which mate and 
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reproduce. while those of Heterorhabditis develop into hermaphroditic adults. The 
subsequent generations of this nematode develop into unisexual males and females to 
effect reproduction (Poinar. 1990). 
1.2.2.2. Taxonomy of Heterorhabditidae and Steinernematidae 
Based on classical morphological and biochemical methods~ there are currently 18 
species of Steinernema and three species of Heterorhabiditis which have been reported 
to infect insects (Akhurs~ 1995: Popiel and Hominick, 1992), several existing as 
geographically distinct strains (Steinernema = 63 strains and Heterorhabiditis = 3 8 strains) 
(Poinar. 1990). Although classical morphological methods have been successfully used for 
the identification of entomopathogenic nematodes at the level of genus and species 
(Poinar. 1 990), the ability to be able to identify strains is an important aspect of the 
overall research and development involving this family of nematodes. Curran ( 1990) 
concluded that DNA sequence analysis constitutes the preferred molecular method for 
discriminating between categories of entomopathogenic nematodes below the species level. 
To facilitate this. DNA amplification techniques by polymerase chain reaction (PCR) have 
been developed for entomopathogenic nematodes (Liu and Berry, 1995). 
Protein electrophoresis could be a useful taxonomic tool, enabling nematologists 
to more rapidly and cost effectively discriminate between species. Starch gel 
electrophoresis revealed an array of esterase and alkaline phosphatase isozymes in 
Steinernema glaseri that were qualitatively and quantitatively different from that in 
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Steinernema carpocapsae (Sherman and Jackson. 1963 ). This same procedure, adapted to 
separate isozymes of several enzymes. was used by Akhurst ( 1987) to distinguish between 
:2:2 strains representing 3-8 species of Heterorhabditis. Polyacrylamide gel electrophoresis 
was used to discriminate between five isolates belonging to four species of Steinernema 
on the basis of their esterase isozyme patterns (Sha. 1985) and ten isolates belonging to 
four species of this genus according to their total protein. nonspecific esterase and alkaline 
phosphatase patterns (Kozodoi et a/.. 1986). Poinar and Kozodoi ( 1988) showed that two 
morphologically similar steinemematids, S. glaseri and Steinernema anoma/i, possessed 
dissimilar and distinctive enzyme patterns, as revealed by polyacrylamide gel 
electrophoresis. 
In 1983. a steinemematid nematode (Steinernemafeltiae LlC strain) was isolated 
from a site close to St. John's, Newfoundland, Canada (Finney-Crawley, 1985). However, 
the original collection site has been paved over. Therefore, in an attempt to find a cold-
adapted species of an entomopathogenic nematode, a survey of potential field sites was 
carried out during the Summer 1993. As a part of this survey, soil samples were collected 
and a steinemematid nematode was isolated from soil in an organic garden close to St. 
John's, Newfoundland, Canada, using Galleria bait traps (Woodring and Kaya, 1988). 
Based on classical morphological methods, restriction fragment length polymorphisms in 
ribosomal DNA and protein electrophoresis (cellulose acetate electrophoresis), this newly 
isolated nematode was subsequently identified as a new strain, NF, of S. feltiae (Jagdale 
et a! .. 1996). In addition to the NF and LIC strains of S. feltiae, the present study 
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embodies three additional isolates of Steinernema: S.feltiae Umea strain. S. carpocapsae 
All strain and S. riobravis TX strain. 
1.2.2.3. Factors affecting the success of entomopathogenic nematodes 
Generally, entomopathogenic nematodes proved to be very effective in infecting 
and killing a variety of insects under optimal laboratory conditions (petri dish bioassays) 
where host contact is predictable (Caroli et al., 1996). However. the field evaluation of 
these nematodes against several soil-dwelling and foliar-feeding insects produced 
inconsistent results (Begley, 1990; Gaugler. 1988; Klein. 1990). Survival and field efficacy 
of these nematodes may be affected by several biotic and abiotic factors (Kaya. 1990; 
Kaya and Koppenhofer, 1996; Kaya and Thurston. 1993; Popiel and Hominick. 1992; 
Richardson and Grewal. 1 994 ). Therefore. knowledge of these factors is important in the 
successful use of entomopathogenic nematodes in pest management programmes. 
1.2.2.3.1. Biotic factors 
Natural enemies of entomopathogenic nematodes may affect their survival and 
infectivity in the field. Such natural enemies include nematophagous fimgi (Poinar and 
Jansson. 1986; Timper and Kaya, 1989). nematode trapping fungi (Poinar and Jansson. 
1986). microsporidian parasites (Poinar. 1988), predatory nematodes and arthropods 
(Epsky, eta/., 1988; Kaya and Koppenhofer, 1996). Biotic factors include competition 
between two species of entomopathogenic nematodes and their interaction with other 
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microbial control agents (Kaya. 1990: Kaya and Koppenhofer. 1996; Kaya and Thurston, 
1993: Popiel and Hominick, 1992). l\tlost of the published information on biotic factors 
is based on laboratory experiments and linle is known about their effect on 
entomopathogenic nematodes under tield conditions. 
1.2.2.3.2. Abiotic factors 
The field efficacy and ability of entomopathogenic nematodes to persist in the soil 
are affected by several abiotic factors. such as soil pH, soil type, soil moisture, UV light 
and temperature. 
Survival and persistence of natural and applied populations of entomopathogenic 
nematodes are affected by pH, oxygen levels and porosity of the soiL Kung et al. ( 1990a) 
observed that the survival and pathogenicity of infective juveniles of S. carpocapsae and 
S. glaseri declined slightly as the soil pH decreased from pH 8 to pH 4, but these species 
completely lost their ability to survive and infect Galleria mellonella larvae under alkaline 
conditions (pH 10). Oxygen appears to be essential for nematode survival, e.g., the 
survival and infectivity of S. carpocapsae and S. g/aseri decreased as oxygen levels 
dropped form 20 to 1% (Kung et a/., 1990a). The survival and infectivity of 
entomopathogenic nematodes is affected by soil type and its porosity. Sandy and sandy-
loam soils have larger pores (more aeration, i. e. more oxygen) than clay soils. Lower 
survival was noticed in the infective juveniles of S. carpocapsae and S. g/aseri placed in 
clay soils (poor aeration) compared to those placed in the sandy or sandy- loam soils 
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(Kung et al .. 1990b). Molyneux and Bedding {1984) reported that the infective juveniles 
of S. g/aseri were less infective to the larvae of sheep blowfly, Luci/ia cuprina. in soils 
with small pore size. Similarly. infectivity of steinemematid and heterorhabditid 
nematodes to their hosts was impaired in clay soils (Geden eta/., 1985; Molyneux and 
Bedding. 1984 ). 
Soil texture interacts with soil water potential to influence infectivity under natural 
conditions (Kaya. 1990; Molyneux and Bedding (1984). In sandy soils, infections of 
Heterorhaditis sp. and S. glaseri occurred at water potentials between -0.003 to -0.4 bars, 
whereas in sandy-loam soil. infections of these nematodes occurred at water potentials 
between -0.01 to -100 bars (Molyneux and Bedding (1984). The infectivity ofSteinernema 
kushidai against larvae of scarabaeid beetles. Anomala cuprea (Cuprea chafer beetle). was 
greater at 30 and 40% than at 20% moisture in soil of an unspecified type (Fujiie eta/., 
1996). Conversely, infective juveniles of S. carpocapsae and S. glaseri were more 
infective to wax moth larvae at s; 4% than at~ 8 % moisture in sandy loam- soil (Kung 
et a/.. 1991 ). 
Although entomopathogenic nematodes have been used to control some foliar 
feeding insect pests, desiccation has been a critical limiting factor (Begley, 1990; Glazer 
and Navon. 1990). In order to achieve successful control of defoliating insects, there is 
a need to maintain appropriate humidity after application or provide adequate moisture 
(free water) on the leaves for movement of the infective juveniles and infection of the 
host. For example, the efficacy of S. foltiae against leafminers (Liriomyza huidobrensis, 
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Liriom_vza hryoniae and Chromatomyia syngenesiae) was significantly enhanced at> 90% 
humidity (Williams and Macdonald. 1995). Desiccation tolerance in soil has also been 
studied in some entomopathogenic nematodes (Glazer, 1996; Womersley, 1990). It has 
been demonstrated that S. carpocapsae could survive at a wide range of relative 
humidities provided they were gradually desiccated (Simons and Poinar. 1973; 
Womersley, 1990). Simons and Poinar (1973) found that more than 90% of S. 
carpocapsae infective juveniles survived after 12 days at 79.5% relative humidity by pre-
exposing them to 96% relative humidity for 12 hours and then at 93% relative humidity 
for another 12 hours. However. Glazer et a/. ( 1991) did not find any effect of gradual 
desiccation on the survival of S. carpocapsae All strain and heterorhabditid nematodes. 
Only 30% of S. carpocapsae All strain and none of the heterorhabditids survived after 72 
hours exposure to 75% relative humidity. Furthermore, the survival of S. carpocapsae 
and S. glaseri decreased as relative humidity decreased from 100 to 25% over 32 days 
period. Both nematodes survived for 32 days at 100% humidity, but at 25% humidity, 
S. carpocapsae survived for 2 days and S. glaseri survived only for 4 hours (Kung et al., 
1991). 
Sunlight and UV radiation also limit the use of entomopathogenic nematodes as 
potential biocontrol agents for controlling foliar feeding insects. Gaugler and Boush (1978) 
reported that the infective juveniles of S. carpocapsae incurred a reduction in their 
infectivity to wax moth larvae and failed to reproduce when exposed to UV radiation and 
sunlight. Due to the compounding effects of UV light and desiccation, use of 
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entomopathogenic nematodes in insect pest management has the greatest potential for 
success in the soil or otherwise cryptic habitats. 
Temperature affects the activity. survival~ infectivity. reproduction and 
development of entomopathogenic nematodes in the laboratory as well as in the field 
(Grewal et al.. 1994; Griffm. 1993: Kaya. 1990: Mason and Hominick. 1995; ~lolyneux, 
1985: Steiner. 1996). Although entomopathogenic nematodes are buffered by the soil from 
environmental extremes (Kaya and Gaugler, 1993 ), their biological activities may be 
affected by seasonal and daily temperature fluctuations. Nematodes may move deep into 
the soil to avoid lethal temperatures (Kaya. 1990) or may move towards the preferred 
temperature for their normal functioning. The infective juveniles of S. carpocapsae have 
been observed to migrate in response to thermal gradients (Burman and Pye, 1980). 
The activity. and thus infectivity, of entomopathogenic nematodes is temperature 
dependent. For example. steinemematid nematodes were found to be more active than 
heterorhabditid nematodes at lower temperatures. Two strains of S. foltiae were active at 
temperatures < 7 oc. whereas heterorhabditids were mostly active at temperatures > 1 0 oc 
(Molyneu.x. 1985; Molyneux, 1986). The reduced activity of Heterorhabditis heliothidis 
at 10 oc was responsible for its decreased infectivity against birch case bearer (Coleoptera 
serrate/fa) and honeysuckle leaf roller (Harpipteryx rylostella) at the same temperature. 
However, the infectivities of these nematodes were increased when their activities 
increased at 24 oc (Finney and Bennet4 1984). Similarly, Blackshaw and Newell ( 1987) 
suggested that the reduced infectivity of H. heliothidis against Galleria me//one//a larvae 
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at 32.3 oc was due to decreased nematode activity. 
Survival of entomopathogenic nematodes is affected by storage temperature 
(Griffin. 1993; Kaya. 1990; Popiel and Hominick. 1992). Entomopathogenic nematodes 
are stored at low temperatures before being used in biological control programs. Optimum 
storage temperatures are believed to be species- specific and may be correlated with the 
temperature profiles characteristic of their original habitats (Georgis, 1990; Molyneux, 
1986). Optimum storage temperatures range between 5 and 10 oc for steinernematids and 
9 and 15°C for heterorhabditids (Fan and Hominick. 1991; Georgis, 1990; Griffin. 1993). 
However. S. scapterisci survived better at 10 and 25 oc than at 4 oc (Grewal et al., 1993) 
and the heat tolerant H bacteriophora [S5 stored better at room temperature (25 °C) than 
at 10 oc (Shapiro et al., 1996). 
Survival of naturally-occurring or artificially-applied entomopathogenic nematodes 
is necessary for the effective control of both soil-inhabiting and cryptic insects (Klein, 
1990; Begley, 1990), but their survival is affected by the ambient temperature (Glazer, 
1996; Kaya. 1990). For example, the survival of S. carpocapsae in soil declined as the 
temperature increased above 25 °C, whereas survival of S. glaseri was higher over the 
temperature range 10- 35 oc (Molyneux, 1985; Kung et al., 1991). Temperatures above 
35 oc may be lethal to the infective juveniles of species of Steinernema (Schmiege, 1963). 
The capacity of entomopathogenic nematodes to withstand subzero temperatures 
has been investigated by several authors. Steinernema anomali, S. feltiae and 
Heterorhabditis bacteriophora survive using a freeze-tolerant strategy (Brown and 
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Gaugler. 1996). whereas Heterorhabditis zealandica use a freeze-avoiding strategy 
(Wharton and Surrey. 1994). For the freezing tolerant S. foltiae. H. bacteriophora and S. 
anomali. the lower lethal temperatures limits were -22. -19 and -14 oc. respectively 
(Brown and Gaugler. 1996). The sheath of infective juveniles of H zealandica confers 
protection against freezing. Within the sheath. the pseudocoelomic fluid supercools up to 
-32 oc (Whanon and Surrey. 1994). In addition. several researchers have demonstrated that 
entomopathogenic nematodes could survive in liquid nitrogen at -195 oc (Curran eta/., 
1992; Nugent et al.. 1996). 
Temperature ranges for infectivity of entomopathogenic nematodes vary 
considerably (Grewal et al.. 1994; Mason and Hominick; 1995; Molyneux, 1986). 
Steinemematids are infective within a temperature range from 10 to 39 °C, with an 
optimum temperature range between 23 to 28 oc (Grewal et al., 1994; Henneberry et a/., 
1996: Molyneux. 1986; Williams and Macdonald. 1995). Heterorhabditids are infective 
within a temperature range from 7 to 35 °C, with an optimum temperature of 25 oc 
(Grewal eta!.. 1994; Mason and Hominick; 1995; Molyneux, 1986). 
The development and reproduction of entomopathogenic nematodes is influenced 
by temperature. The highest temperature (37.5 °C) capable of sustaining nematode 
development and reproduction was recorded for Steinernema scapterisci (Grewal et a/., 
1993). Wright (1992) reported that only S. foltiae was able to develop at 10 °C, and that 
S. carpocapsae. H bacteriophora. H zealandica and H. megidis failed to develop at such 
a low temperature. No reproduction was observed in H heliothidis at 5, 10 or 30 oc and 
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inS. glaseri at 5 or 10 oc (Zervos et al.. 1991). Similarly. no reproduction was noticed 
in H. bacreriophora. H zealandica. Hererorhabditis sp Trinidad strain and H. megidis at 
1 0 oc and in H megidis UK strain and H zealandica at 30 oc (Mason and Hominick. 
1995). 
There is some evidence to suggest that activity, survival, infectivity, development 
and reproduction may be modified by holding or propagating entomopathogenic 
nematodes in the laboratory at specified temperatures. (Brown and Gaugler, 1996; Grewal 
et a/.. 1996; Griffm, 1996; Selvan et a/., 1996; Shapiro et a/., 1996). With respect to 
tolerance to freezing temperatures. it has been observed that S. foltiae and H. 
bacteriophora increased their capacities for freezing tolerance after acclimation to 
temperatures below which they were propagated under laboratory conditions(= recycling 
temperatures) (Brown and Gaugler, 1996). However, Surrey (1996) reported that the 
acclimation temperature did not increase the freezing survival in H. zealandica. In 
addition. the rearing method also influenced the capacities for temperature tolerance in 
these nematodes. Infective juveniles of H zealandica survived better following freezing 
when reared in the insect host than when reared on an artificial medium (Surrey, 1996). 
With respect to tolerance to high temperatures, Shapiro et a/. ( 1996) reported that 
H. bacteriophora ISS strain, isolated from the Negev desert in Israel then recycled at 30 
°C, showed greater survival capacity than those recycled at 25 °C, whereas no such 
capacity was displayed by the HP88 strain of the same species. However, Selvan et al. 
(1996) demonstrated that the heat tolerance of H. bacteriophora HP88 strain to a 
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temperature ( 40 °C) above the recycling temperature was enhanced by pre-conditioning 
infective juveniles to 35 oc for a short time ( 1-3 hours). 
Recycling and storage/acclimation temperatures also affect the infectivity, 
development and reproduction of entomopathogenic nematodes. The temperature limits 
for infectivity of H. bacteriophora and S. anomali, as well as for reproduction of the 
former species. were extended following prolonged subculturing at temperatures different 
from the stock cultures (Grewal eta!., 1996). Similarly, the infectivity and reproduction 
of H bacteriophora ISS strain were enhanced by recycling the nematodes at 30 oc rather 
than 25 oc (Shapiro et al .• 1996). However, the capacities for infectivity and reproduction 
were unaffected in H bacteriophora HP88 strain. H heliothidis and two strains of S. 
feltiae by propagating them at various temperatures (Dunphy and Webster, 1986; Shapiro 
et a/.. 1996). 
In addition, the prolonged storage (2-4 months) of Heterorhabditis sp at a cold (9 
°C) temperature resulted in improved infectivity at the same temperature, possibly due to 
cold temperature- induced physiological acclimation (Griffin, 1996). Selvan et a/. ( 1996) 
also showed that the infectivity of H bacteriophora HP88 to temperature regimes above 
the recycling temperature was enhanced by pre-conditioning the infective juveniles to 35 
oc for 1-3 hours time. 
Thus. while it would appear that entomopathogenic nematodes infect, kill and 
reproduce within insects according to temperature profiles characteristic of their original 
habitats (Shapiro eta/., 1996; Grewal eta/., 1994; Grewal eta/., 1996; Molyneux, 1986), 
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such capacities are amenable to modification through laboratory manipulation. 
1.3. Statement of research problem and objectives 
From the foregoing~ it is clear that the selected nematodes for pest management 
must be able to tolerate and adapt to temperatures prevailing within the biotopes of the 
insect pest(s). Ideally, the nematode to be deployed should have been acquired from an 
environment with a similar temperature profile to that of the targeted area to best ensure 
temperature compatibility (Grif:fm, 1993). However. since the biocontrol agent would have 
to be intensively and successively cultivated, it is important to determine the degree to 
which the temperature regime at which it is cultivated may affect tolerance to temperature 
extremes and infectivity, since these are among a plethora of factors that influence field 
efficacy. 
Along with information on the effects of cultivation conditions on the nematodes 
at the whole organism level, it is also important to examine the underlying physiological 
mechanisms that enable the nematodes to adapt to the recycling temperatures and to 
temperature changes within their environment. The physiology of temperature adaptation 
in nematodes is poorly understood and additional information is needed to develop 
entomopathogenic nematodes as biocontrol agents. 
This study examines the effects of various recycling temperatures on the thermal 
tolerances and infectivities of the Newfoundland (NF) strain of S. foltiae and four other 
strains of entomopathogenic nematodes and investigates the physiological mechanisms for 
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temperature adaptation and tolerance in three species of Steinernema recycled at various 
temperature regimes for a prolonged period (two years). The numbers of generations 
perpetuated at the various temperatures were estimated to be 15-18 (10 °C), 21-25 (15 °C), 
30-35 (20 "C) and 48-60 (25 °C). 
The specific objectives of this study were as follows: 
l. Whole organism 
(a) To identify an entomopathogenic nematode isolated from Newfoundland soil 
using classical morphological and biochemical methods. 
(b) To study the effect of different recycling temperatures on the capacities for 
cold and warm temperature tolerance in the entomopathogenic nematode isolated in 
Newfoundland in comparison with species of entomopathogenic nematodes obtained from 
commercial suppliers and other researchers. 
(c) To study the effect of various recycling temperatures on the infectivity of 
steinemematid nematodes at various bioassay temperatures. 
II. Physiology 
(a) To study the effect of various temperatures on the synthesis of isoenzymes of 
four metabolic enzymes in Steinernema species. 
(b) To study the effect of recycling temperatures on the activities and kinetic 
properties of two key metabolic enzymes of entomopathogenic nematodes. 
(c) To study the effect of temperatures on the proportion of saturated and 
unsaturated fatty acids in lipids of steinemematid nematodes. 
CHAPTER2 
USE OF CELLULOSE ACETATE ELECTROPHORESIS IN THE 
TAXONOMY OF STEINERNEMATIDS (RHABDITIDA, 
NEMATODA) 
19 
20 
2.1. ABSTRACT 
A steinemematid nematode was isolated from soil samples collected near St. 
John's. Newfoundland. Canada and on the basis of its morphometry and Restriction 
fragment length polymorphisms (RFLP's) in ribosomal DNA spacer. it was designated as 
a nev•/ strain. NF. of Steinernema feltiae. Cellulose acetate electrophoresis was used to 
separate isozymes of eight enzymes in infective juveniles of S. foltiae NF strain as well 
as four other isolates: S. foltiae Umea strain. S. feltiae L IC strain, Steinernema 
carpocapsae All strain and Steinernema riobravis TX strain. Based on comparisons of the 
relative electrophoretic mobilities (J.L) of the isozymes, one of the eight enzymes (arginine 
kinase) yielded zymograms that were distinctive for each of the isolates, except for the 
Umea and NF strains of S. foltiae. which had identical banding patterns. Four enzymes 
(fumarate hydratase; phosphoglucoisomerase. phosphoglucomutase, 6-phosphogluconate 
dehydrogenase) yielded isozyme banding patterns that were characteristic for all isolates, 
except for the L l C and NF strains of S. feltiae, which were identical. Two enzymes 
(aspartate amino transferase and glycerol-3-phosphate dehydrogenase) yielded zymograms 
that permitted S. carpocapsae All strain to be discriminated from the other four isolates, 
while the remaining enzyme (mannose-6-phosphate isomerase) was discriminatory for S. 
riobravis TX strain. Except for one enzyme. the isozyme banding pattern of the NF 
isolate of S. foltiae was the same as in the L 1 C strain, isolated 14 years ago from 
Newfoundland. Cellulose acetate electrophoresis could prove invaluable for taxonomic 
identification of isolates of steinemematids. provided that a combination of enzymes is 
used. 
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2.2. INTRODUCTION 
Nematodes of the genus Steinernema have attracted considerable attention for 
development as novel biopesticides. Infective juveniles of these nematodes gain access to 
the hemocoel of soil-inhabiting insect hosts via natural openings (Poinar. 1990), then 
release a mutualistic bacterium which kills the host and creates a nutritional milieu 
conducive for nematode development. 
There are currently 18 recognized species of Steinernema (Akhurst, 1995), 
several of which exist as geographically distinct strains (Poinar, 1990). The ability to be 
able to identify strains is an important aspect of the overall research and development of 
this family of entomopathogenic nematodes as biocontrol agents. Curran ( 1990) concluded 
that DNA sequence analysis constitutes the preferred molecular method for discriminating 
between categories of entomopathogenic nematodes below the species level. To facilitate 
this. DNA amplification techniques by polymerase chain reaction (PCR) have been 
developed for entomopathogenic nematodes (Liu and Berry, I 995). 
Protein electrophoresis also could be a useful taxonomic tool, enabling 
nematologists to more rapidly and cost effectively discriminate between species (Curran 
and Webster, 1984; Sherman and Jackson, 1963), and in some instances, between strains 
(Huette! et a/., 1983). With respect to entomopathogenic nematodes, starch gel 
electrophoresis revealed an array of esterase and alkaline phosphatase isozymes in 
Steinernema glaseri that was qualitatively and quantitatively different from that in S. 
carpocapsae (Sherman and Jackson, 1963). This same procedure, adapted to separate 
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isozymes of several enzymes. \Vas used by Ak.hurst (1987) to distinguish between 22 
strains representing 3-8 species of Heterorhabdiris. Polyacrylamide gel electrophoresis was 
used to discriminate between five isolates of Steinernema on the basis of their esterase 
isozyme patterns (Sha. 1985) and ten isolates belonging to four species of this genus 
according to their total protein. nonspecific esterase and alkaline phosphatase patterns 
(Kozodoi et at.. 1986). Poinar and Kozodoi ( 1988) showed that two morphologically 
similar steinemematids. S. glaseri and Steinernema anomali. possessed dissimilar and 
distinctive enzyme patterns. as revealed by polyacrylamide gel electrophoresis. 
Cellulose acetate is a simpler. more rapid type of electrophoresis. regarded by 
some authorities as being more sensitive and providing superior resolution to starch gel 
or polyacrylamide gel electrophoresis (Easteal and Boussy. 1987). It has not been used 
in the taxonomy of entomopathogenic nematodes. 
This chapter reports upon the identification of a steinemematid, S. feltiae NF 
strain. isolated from soil in Newfoundland. This identification process includes an 
evaluation of the taxonomic value of cellulose acetate electrophoresis by separating 
isozymes of eight metabolic enzymes in five isolates of Steinernema: S. carpocapsae All 
strain. S. riobravis TX strain. S. feltiae Umea strain(= S. carpocapsae Umea strain). S. 
feltiae L 1 C strain and S. feltiae NF strain. 
2.3. MATERIALS AND METHODS 
2.3.1. Sources of nematodes 
Steinernema carpocapsae All strain was provided by Plant Products Ltd .• 
Brampton. Ontario. Canada; S. riobravis TX strain by Dr. H. E. Cabanillas, USDA, ARS, 
Crop Insects Research Unit, Weslaco. TX. S. feltiae Umea strain was provided by Dr. R. 
West. Canadian Forest Service (CFS), St. John's. NF, Canada from a stock colony that had 
been initially obtained from Biologic Biocontrol Products, Willow Hill, PA. Steinernema 
feltiae L 1 C strain was obtained from a colony being maintained at CFS, St. John's, NF. 
This nematode was isolated in 1983 (Finney-Crawley, 1985) from a location close to St. 
John's. NF and has been maintained in laboratory culture at CFS since then. The original 
collection site has been paved over. S. feltiae NF strain is a new strain that I isolated in 
Summer 1993 (Jagdale et al., 1 996) from soil on an organic garden close to St. John's, 
NF. using Galleria bait traps (Woodring and Kaya, 1988). All nematode isolates were 
recycled once by propagation through G. mellone/la larvae (Woodring and Kaya, 1988~ 
see Appendix I) at 25 oc before being subjected to various recycling regimes. 
2.3.2. Identification of the Newfoundland (NF) isolate 
This was accomplished by measurements of the infective third-stage juvenile and 
by restriction fragment length polymorphisms of amplified rDNA. Infective juveniles of 
S. feltiae NF strain were collected from White traps (Woodring and Kaya, 1988) 
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immediately after emergence from the Galleria cadavers i.e .. 7-10 days after infection. 
Nematodes were heat killed by placing them in a small beaker containing water (room 
temperature). which was then plunged into another beaker filled with water ( 1 00 °C) for 
2-3 minutes or until the specimens assumed the almost straight form characteristic of heat 
death (Hooper. 1986). The killed nematodes were fixed and stained for 24 hours in 
Chang's nerve stain (Gray, 1975), then differentiated repeatedly in warm lactophenol (40-
50 °C) until no more superfluous stain was evident, then mounted in glycerin (Hooper, 
1986). Measurements of25 randomly selected infective juveniles were made under a light 
microscope (X 1 ,000) equipped with a micrometer eyepiece. The morphological 
parameters and ratios measured were those used by Poinar ( 1990). 
Molecular taxonomy via rDNA analysis was carried out by Dr. T. C. Vrain, 
Agriculture and Agri-Food Canada, Summerland. BC, Canada. Restriction fragment length 
polymorphisms of amplified rDNA using internally transcribed spacer (ITS) fragments 
were used to separate the NF strain from other commercially used strains of Steinernema 
(S. carpocapsae All strain, or S. fe/tiae Umea) and the LlC strain. Other strains of S. 
feltiae type A (S£76, Sf509a, Sf519) or S.feltiae type B (Bl Nashes and 82 216) were 
provided by Dr. Alex Reid (Imperial College of Science, Technology and Medicine, 
Department of Biology, Berks, UK). The strains of S. carpocapsae (DD136, 42, Breton, 
Kapow) were provided by Dr. Martin Hubbes (Forestry Department, University of 
Toronto. Ontario, Canada). Nematodes were stored at -20 oc until use. For each 
population, five nematodes were placed in a 5 J.Ll drop of lysis buffer (1 ml of lysis buffer 
contained 100 J • .tl 10% SDS [sodium dodecyl sulfate], 100 J.d M Tris [Tris (hdroxymethyl) 
aminomethane] pH 8.7. 40 J..Ll 5 M NaCl. 10 J..Ll 0.5 M EDTA [Ethylenediaminetetraacetic 
acid]. 750 111 deionized water) on a silated glass cover slip, and cut open with a piece of 
razor blade. The resulting suspension was pipetted into a 1.5 ml microfuge tube and 
incubated at 60 oc for 1 hour following the addition of 15 J.Ll of lysis buffer with 40 J.Lg 
of proteinase K (Sigma Chemical Co. St. Louis, MO.). DNA was recovered from the 
suspension by binding to powdered glass (Geneclean ki4 Bio/Can Scientific. Mississaug~ 
ON. Canada). and eluted into 10 Jll deionized water. Amplification of ribosomal ITS 
sequences using the PCR was as described in Vrain et aL (1992). Two primers, 21 base 
pairs long. one with sequence at the 3 " end of the 18 S gene and the other at the 5 .. end 
of the 26 S gene. allowed for the amplification of a rONA fragment composed of the 3 .. 
end of the 18 S gene, the ITS 1, the 5.8 S gene. the ITS 2, and the 5 .. end of the 26 S 
gene. Negative controls containing all necessary chemicals but without added DNA, and 
positive controls containing Caenorhabditis elegans DNA, were included in all 
experiments. The amplified ribosomal ITS fragments were digested using five restriction 
enzymes. Eco RI. Hae III, Hinf I. Mbo I. and Rsa I, in a l 0 J..Ll volume according to 
manufacturer's instructions (Pharmacia, Uppsala. Sweden). Fragments of each restriction 
digest were separated by electrophoresis and visualized in the agarose gels (Vrain eta/., 
1992). 
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2.3.3. Cellulose Acetate Electrophoresis Studies 
2.3.3.1. Enzyme extraction 
Infective juveniles of each of the five isolates were transferred from the dilute 
formalin in the White traps (Woodring and Kaya. 1 988) to separate 250 ml beakers 
containing distilled water, then allowed to settle (ca. 10 min). Using an Eppendorf 
micropipeter. infective juveniles were transferred from the bottom of the beakers to 
Whatman no. 4 filter papers, so that they formed confmed blobs on the papers. Samples 
of each isolate ( 10 mg wet weight) were transferred into separate polypropylene 
microcentrifuge tubes (1.5 ml), then macerated in the tubes with a pellet pestle mixture 
(Baxter Diagnostic Corporation. Canlab Division, Mississauga, ON, Canada). After 
maceration. 30 ~1 of distilled water containing bromophenol blue tracking dye (pH 6.0) 
was added to each tube, the homogenates centrifuged at 3,200g for 2 minutes, then held 
on ice. Aliquots (10 ~l) of the supernatants were transferred from the tubes to separate 
wells in the sample holder and kept on ice until the loading of the samples was performed 
on the cellulose acetate plates (Helena Laboratories, Beaumon~ TX). 
2.3.3.2. Cellulose acetate electrophoresis procedure 
Aliquots (0.6 J.ll) of the supernatants were transferred from the sample holder to 
Titan III Zip Zone Cellulose Acetate Plates using a Super Z Applicator (Helena 
Laboratories). Plates had been pre-soaked (20 min) in Tris-Glycine buffer(3.0 g Tris, 14.4 
g glycine. 1 L distilled water, pH 8.5) prior to spotting. Electrophoresis was carried out (2 
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mAl plate: 20-30 min) in Tris-Glycine buffer in a horizontal electrophoresis chamber at 
room temperature (20-25 °C). 
2.3.3.3. Enzyme staining 
Specific stains were used to visualise the following enzymes: arginine kinase (EC 
2.7.3.3). aspartate amino transferase (EC 2.6.Ll), fumarate hydratase (EC 4.2.1.2), 
glycerol-3-phosphate dehydrogenase (EC 1.1. 1.8). mannose-6-phosphate isomerase (EC 
5.3.1.8). phosphoglucoisomerase (EC 5.3.1.1). phosphoglucomutase (EC 2.7.5.1) and 6-
phosphogluconate dehydrogenase (EC 1.1.1.44) (Hebert and Beaton, 1993). 
Plates were removed from the electrophoresis chamber and placed on a levelled 
glass surface. Melted agar (60 °C) was added to the stain mixture, then the resultant 
solution poured immediately over the plates, which were then incubated in the dark until 
isoenzyme bands became prominent (ca. 10 - 15 min). Plates were then washed (2-3 
times) under tap water and the bands fixed by immersion in acetic acid : methanol : 
distilled water ( 1 :4: 1 0) for l 0 minutes. Fixed plates were dried over-night. then 
photographed and isozyme bands measured. Three replicate plates were prepared for each 
nematode isolate, each replicate representing a separate homogenate of infective juveniles. 
The relative electrophoretic mobility (J..L) for each isoenzyme was measured to compare 
the migration rates (Lehninger, 1979). Isozyme bands among isolates were considered the 
same if their J.1 values were within 10% of one another. This margin of error was selected 
because the highest and lowest J..L values among three replicates of the same isozyme were 
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ahvays found to be within 10% of one another. 
2.4. RESULTS 
2.4.1. Identification of the Newfoundland (NF) isolate 
The measurements and ratios of morphometric characters of the Newfoundland 
isolate corresponded with those reported for S. feltiae (Table 1 ). Restriction fragment 
length polymorphisms separated the NF strain from S. carpocapsae All and Umea strains 
(Table 2). The Umea strain was clearly associated with the restriction fragment length 
polymorphism type A of S.foltiae as defmed by Reid and Hominick (1992), while the S. 
feltiae NF strain appeared to belong to the restriction fragment length polymorphism type 
B (Reid and Hominick, 1992). No polymorphisms were identified which distinguished 
between S. feltiae L 1 C and NF strains using five restriction enzymes to digest the rDNA 
ITS amplified fragment. Thus. on the basis of morphometry and RFLP's in ribosomal 
DNA ITS. the isolate is designated asS. feltiae NF strain. 
2.4.2. Cellulose Acetate Electrophoresis Studies 
2.4.2.1. Arginine kinase (ARK) 
The isozyme banding pattern for this enzyme was strain specific. Each of the five 
isolates possessed a single band of ARK activity that migrated anodally (Fig. lA). 
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According to measurements of electrophoretic mobility (Table 3 ). the same anodal band 
(Band -2) was common to the three strains of S. feltiae. Steinernema carpocapsae All 
strain and S. riobravis TX strain possessed a different anodal band (Band -1 ). The three 
strains of S feltiae and S. riobravis TX strain possessed a common cathodal band of 
ARK activity (Band 1) with the same electrophoretic mobility (Table 3). Steinernema 
feltiae L l C strain possessed a second cathodal band (Band 2). whileS. carpocapsae All 
strain possessed two cathodal bands (Bands 3.4) that were electrophoretically distinct from 
those in any of the other four isolates. 
2.4.2.3. Aspartate amino transferase (AA T) 
The isozyme banding patterns (AA n of S. fe/tiae Umea strain and S. riobravis 
TX strain were identical. as were those for the L 1 C and NF strains of S. feltiae. 
Steinernema carpocapsae All strain had a distinct banding pattern (Fig. lB). There was 
a common anodal band (Band -l) inS. carpocapsae All strain. S. fe/tiae Umea strain and 
S. riobravis TX strain. but the L 1 C and NF strains of S. fe/tiae possessed no such band 
(Table 3). Four of the isolates possessed one common cathodal band (Band 1). whereas 
S. carpocapsae All strain had a band (Band 2) that migrated more rapidly toward the 
cathode (Fig. 18). The banding pattern of the Umea strain of S.fe/tiae was distinct from 
the other two strains (L 1 C and NF) of the same species due to the fact that it possessed 
an additional anodal band (Band -1). 
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2.4.2.2. Fumarate hydratase (FUM) 
Only the L l C and NF strains of S. feltiae had identical zymograms. consisting of 
three bands (Bands l. 6. 7) that migrated toward the cathode (Fig. 1 C). The Umea strain 
of S. feltiae also possessed three cathodal bands. the slowest moving of which (Band 1) 
was common to all strains of this species. Steinernema carpocapsae All strain possessed 
two cathodal bands, including the slowest moving band present in S. foltiae. There were 
four discernible bands in S. riobravis TX strain, one of which (Band 3) was present inS. 
carpocapsae All strain and two of which (Bands 4, 5) were present in S. foltiae Umea 
strain (Table 3 ). 
2.4.2.4. Glycerol-3-phosphate dehydrogenase (GPDH) 
Only S. carpocapsae All strain had a GPDH banding pattern that was 
distinguishable from the other isolates. All isolates possessed a single band of activity that 
migrated toward the cathode (Fig. 10). The electrophoretic mobility (Table 3) was greater 
in S. carpocapsae All strain than in the other four isolates~ which shared a common 
isozyme (Fig. 10). 
2.4.2.5. Mannose-6-phosphate isomerase (MPI) 
lsozymes of this enzyme were not strain or species specific. Each of the isolates 
possessed two bands of MPI activity that migrated toward the cathode (Fig. 2A). 
According to J.l values (Table 3), these two bands (Bands 3,4) were identical in the NF 
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and L 1 C strains of S. foltiae. The Umea strain of S. feltiae had the same two isozyme 
bands (Bands 1.2) as the All strain of S. carpocapsae. One of the two isozyme bands 
(Band 4) in S. riobravis TX strain was also present in S. foltiae L l C and NF strains. 
However. S. riobravis TX strain had a distinctive isozyme pattern (Fig. 2A). 
2.4.2.6. Phosphoglucoisomerase (PGI) 
Only the L I C and NF strains of S. foltiae had identical isozyme profiles (Fig. 28 ). 
Steinernema riobravis TX strain possessed one cathodal band; the remaining four isolates 
possessed two bands (Fig. 28). One of the bands (Band 4} was common to all three 
strains of S. feltiae (Table 3). 
2.4.2.7. Phosphoglucomutase (PGM) 
With the exception of the L I C and NF strains of S. foltiae, isolates possessed 
distinct zymograms (Fig. 2C). There were two cathodal bands (Bands 2. 4) common to 
S. feltiae L 1 C and NF strains. Steinernema riobravis TX strain also possessed two bands. 
one of which (Band 4) had the same as S. foltiae NF and LlC strains (Table 3). 
Steinernema carpocapsae All strain possessed three, S. feltiae Umea strain four cathodal 
bands; two of these bands (Bands 3,5} were common to both species (Fig. 2C; Table 3). 
2.4.2.8. 6-Phosphogluconate dehydrogenase (6PGDH) 
Only the LlC and NF strains of S. feltiae had identical zymograms (Fig. 2D), 
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consisting of two cathodal bands (Bands 1.2). Steinernemafoltiae Umea strain possessed 
two bands (Bands 3.4) with values different from those in the other twoS. foltiae strains 
(Table 3 ). Steinernema carpocapsae All strain and S. riobravis TX strain each possessed 
one cathodal band which. in the case of S. riobravis TX strain. was the same as was 
present inS. feltiae Umea strain (Fig. 2D). 
2.5. DISCUSSION 
Cellulose acetate electrophoresis proved effective in discriminating between the 
five isolates of Steinernema. Results reported in this study have been replicated on several 
occasions. One of the eight enzymes studied (ARK) yielded zymograms that were 
distinctive for each of the isolates, except for the Umea and NF strains of S. foltiae, which 
had identical banding patterns. Four enzymes (FUM; PGI; PGM; 6 PGDH) had isozyme 
profiles that were characteristic for all isolates except for the LIC and NF strains of S. 
feltiae. which were indistinguishable. Three enzymes (AA T; GPDH; MPI) provided 
banding patterns that did not permit strain or species separations to be made. In the case 
of AA T and GPDH~ only S. carpocapsae All strain had a distinguishing banding pattern~ 
while S. riobravis TX strain was the only such isolate with respect to MPI zymograms. 
Thus~ while no single enzyme would be sufficient to allow taxonomic identification 
among the five isolates~ a combination of enzymes would permit such a task. 
The steinemematid nematode isolated from soil samples in Newfoundland may, 
...... 
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on the basis of its morphometry and RFLP's in ribosomal ITS be regarded as a boreally 
adapted strain ofS. feltiae. The fact that the LlC and NF strains of S.foltiae had identical 
isozyme profiles for seven of the eight enzymes is understandable, since these two strains 
\Vere isolated from soil samples taken approximately 10 km from one another. Since the 
ribosomal DNA profiles of LIC and NF strains are indistinguishable. they had initially 
considered to be the same strain. However. S. foltiae LIC strain was isolated in 1983 
(Finney-Crawley. 1985) and has been maintained in laboratory culture since then. It is 
possible that it may have undergone genetic and consequent biochemical changes resulting 
from repetitive laboratory recycling and that the loss of one of the cathodal bands of ARK 
activity constitutes one manifestation of such transformation. The possibility that the two 
closely related strains may have always been distinct from the time of collection cannot 
be investigated. because the original collection site for the L 1 C strain has been paved over 
and it was determined that soil from adjacent areas is free of entomopathogenic 
nematodes. 
Based on its morphometry (Jagdale and Gordon; unpubl. obs.), isozymic patterns 
of six enzymes (AAT, FUM, MPI, PGI, PGM and 6PGDH), and RFLP's in the ribosomal 
ITS spacer as reported herein, the nematode first isolated from soil in Sweden (Pye and 
Pye. 1985) and since marketed commercially as S. carpocapsae Umea strain should be 
reclassified as S. foltiae. This designation further accords with studies done on its bacterial 
symbiont. On the basis of biochemical and physiological characters, Boemare and Akhurst 
(1988) designated the bacterial symbiote of the Umea isolate as Xenorhabdus bovienii, a 
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bacterial species normally associated with S. feltiae. The overall isozyme profiles of this 
nematode contained elements of all three species. For example, it had a zymogram for 
ARK identical to S. feltiae NF strain. lacking all three isozymes present in S. 
carpocapsae All strain. However. its MPI zymogram was identical only to S. carpocapsae 
All strain. and its GPDH zymogram consisted of the same single isozyme produced by 
S. felriae and S. riobravis, but not by S. carpocapsae. However, the Umea strain was 
readily distinguishable from the other two strains of S.ftltiae, NF and LIC, on the basis 
of its isozyme banding patterns. 
Electrophoretic procedures. starch gel (Akhurs4 1987; Huettel et a/., 1983), 
polyacrylamide gel electrophoresis (Ibrahim et a/., 1994; Paggi er a/., 1991) and 
isoelectric focusing (Fukumoto et al., 1988; Payan and Dickson, 1990) have been widely 
deployed for taxonomic separations of species and subordinate taxa of animal parasitic and 
plant parasitic nematodes. Cellulose acetate electrophoresis is a relatively inexpensive 
procedure that has the added benefit of speed. Pre-run times are reduced to a minimum 
by utilizing pre-manufactured plates and running times are as low as 20-30 minutes. Based 
on the experience of this study, it affords the necessary sensitivity to allow good 
resolution of isozymes from small amounts of nematode material. The current interest in 
commercializing steinernematids has resulted in a burgeoning inventory of isolates from 
many parts of the world (Poinar, 1990). While based on only three species that embody 
five strains. the present study nevertheless suggests that cellulose acetate electrophoresis 
could be of practical use to researchers, enabling species and even strain designations of 
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isolates to be made. More extensive studies are warranted~ to provide for the cataloging 
of a broad array of isolates and enzymes. 
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Table 1. Morphometric characters (in )..lm) of infective juveniles of Steinernema feltiae 
NF strain.l 
Character/ Ratio 
Body length (L) 
Greatest width (W) 
Distance from head to 
excretory pore (EP) 
Distance from head to 
nerve ring (NR) 
Distance from head to 
pharynx base (PB) 
Tail length en 
Ratio A ( LIW) 
Ratio 8 (LIPS) 
Ratio C (LIT) 
Ratio D (EP/PB) 
Ratio E (EP IT) 
S. feltiae NF strain 
857.6 ± 65.2 
(675.0-937.5) 
35.50 ± 5.72 
(25.0-45.0) 
66.6 ± 9.4 
(55.0-87.5) 
92.3 ± 11.5 
(80.0-11 7 .5) 
131.0 ± 14.9 
(105.0-162.5) 
81.3 ± 8.5 
(62.5-100) 
24.7 ± 4.0 
( 18.0-34.0) 
6.6 ± 0.8 
(5.3-8.0) 
10.6 ± 1.0 
(9.0-13.2) 
0.5 ± 0.05 
(0.42-0.61) 
0.81 ± 0.11 
(0.64-1.11) 
a Mean values± SO (n= 25). Ranges are given in parentheses. 
bFrom Poinar ( 1990). 
S. feltiaeb 
849 
(736-950) 
26 
(22-29) 
62 
(53-67) 
99 
(88-112) 
136 
(115-150) 
81 
(70-92) 
31 
(29-33) 
6 
(5.3-6.4) 
10.4 
(9.2-12.6) 
0.45 
(0.42-0.51) 
0.78 
(0.69-0.86) 
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Table 2. Size of DNA fragments generated by restriction of PCR amplified ribosomal 
sequence in strains of S. ftltiae and S. carpocapsae. 
Restriction Enzymes 
Species Strains Hinf I Mbo I Rsa [ 
S. carpocapsae All. DD136. 42. Breton. 420 590 -+00 
Kapow 300 240 380 
280 190 320 
150 
S . .fidtiae type A St76, Sf509a, Sf519 720 590 460 
240 240 240 
180 120 220 
100 140 
S. je!tiae type 8 81 Nashes. 82 216 720 340 720 
240 300 220 
160 190 140 
120 
100 
S. feltiae Umea 720 590 460 
240 240 240 
180 120 220 
100 
NF 720 340 720 
240 300 220 
160 190 140 
120 
100 
L1C 720 340 720 
240 300 220 
160 190 140 
120 
100 
Size of DNA fragments in bp. Fragments smaller than 100 bp could not be measured 
accurately and are not included. Molecular taxonomy via rONA analysis was carried 
out by Dr. T. C. Vrain, Agriculture and Agri-Food Canada. Summerland, 8C. Canada. 
Fig. l . Photographs of comparative isoenzyme patterns for four enzymes exhibited by 
tive nematode isolates. All= Steinernema carpocapsae All strain. U= S. feltiae Umea 
strain. L 1 C= S. feltiae L 1 C strain. NF= S. feltiae NF strain, TX = S. riobravis TX 
strain. A) Arginine kinase (ARK). B) Aspartate aminotransferase (AA T). C) Fumarate 
hydratase (FUM) and D) Glycerol-3-phosphate dehydrogenase (GPDH). Arrows 
indicate points of sample application. Bands were numbered cathodal or anodal (-) in 
increasing numerical order relative to the distance that they migrated away from the 
ongm. 
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Fig. 2. Photographs of comparative isoenzyme patterns for four enzymes exhibitt!d by 
tive nematode isolates. All= Steinernema carpocapsae All strain. U= S. feltiae umea 
strain. L 1 C= S. feltiae L 1 C strain. NF= S. feltiae NF strain. TX = S. riobravis TX 
strain. A) Mannose-6-phosphate isomerase (MPI). B) Phosphoglucoisomerase (PGI), 
C) Phosphoglucomutase (PGM) and D) 6-phosphogluconate dehydrogenase (6PGDH). 
Arrows indicate points of sample application. Bands were numbered cathodal or 
anodal (-) in increasing numerical order relative to the distance that they migrated 
a\vay from the origin. 
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# ot'~~ 
band 
f=~ t l. 
2. 
3. 
4. 
(-) l. 
I. 
2. 
I. 2. 
3. 
4. 
5. 
6. 
7. 
I. 
2. 
S. c. All11 
2.05 X J0-1 
1.98 x w·~ 3.25 X tQ· 
4.01 X J0'5 
2.07 X 10'4 
J.O& x 10·4 
-2.os x to·4 
-
2.98 X 10"1 
S. f Umd ,\'. f L IC S. I NF Sr. TX 
Arginine kinase (ARK) 
- 1.99 x 1 o·.J 2.69 x to· -~ 2.71 X 10·~ 2.11 x w·-~ 
1.10 x 1 o·.J 1.10 X 10'
4 
1.10 x w·-~ 1.1 o x 1 o--~ 
1.65 x 1 o· 
Aspartate amino transferase (AAT) 
3.78 X 10·S 
- - 4.01 X to·~ 
1.68 x 10·4 1.54 x 1 o·4 1.51 x w·4 1.60 X 1()'4 
Fumarate hydrutasc (FUM) 
J.] 6 X to·-1 1.16 x 1 o·-~ 1.08 x w· -~ 
-
1.55 X 1()'4 
-
1.97 x w·-~ 
2J 1 x 1 o·4 2JI x 10·-1 
2.54 X 10"1 - - 2.57 x to·-~ 2.90 x 1 o·4 2.89 x I 0·4 
3.15 X 10'4 3.17 x 1 o·" 
Glyccrol-3-phosphute dehydrogenase (GPDH) 
2.40 X I 0"1 2.40 x I o·.J 2.40 x I 0'4 2.4X x 1 o·-~ 
Table 3 continued 
# of11 
bands 
I. 
2. 
3. 
4. 
5. 
I. 
2. 
3. 
4. 
5. 
6. 
I. 
2. 
3. 
4. 
5. 
6. 
1.50 X 10"4 
1.80 X I 0"1 
1.67 X 10·: 
2.04 x to· 
-
1.41 x to·" 
-
3.73 X I o-~ 
3.92 x to· 
----·- --------- - -- -·--- -- -- ·- -··---·-- ··---··- ·· ·· · 
S. f lJmca S. f.'I.IC S. f NF S. r. TX 
Mannosc-6-phosphatc isomerase (MPI) 
I .48 X 10·" 
1.72 X 10'4 
- -
1.99 X JO·" 1.93 x 1 o·" -
2.25 x to·-~ 2.23 X 10·4 2.11 x w·-~ 
2.36 X I 0"1 
Phosphoglucoisomcrasc (PGI) 
-
2.21 X 10'4 - -2.48 x 1 o·-~ 2.45 X 10·-l 2.48 X )0'4 
2.12 x to·" 2.69 X 10'4 
-
J.OM X I o--' 
Phosphoglucomutase (PGM) 
5.65 X 10"! -
8.53 x to· 8.29 X JQ'5 8.22 X 10"5 
-1.47 X 10·-l 
-
] .42 X J0·-1 
-
2.64 x to·4 2.so x to·"' 2.84 X 10·-l 
3.70 x w·" 
Table 3 continued 
----·--·-·-------·------·-----------·- -----····-·-- ·-·--· .. -- ·--·-·---· ·-- ... . · ··- ··-- - ... -
# ot11 S. c. AJJh 
). 
2. 
3. 
4. 
bands 
-
3.It x w·" 
.\'. I u men S.fl.IC S. l NF 
6-Phosphogluconale dehydrogenase (6PGDH) 
-
2.99 x to·" 
3.54 x to·" 
2.4t x to·~ 2.41 x w·-~ 
2.65 x 1 o· 2.65 x t 0"' 
S. r. TX 
-
3.47 x w·" 
Values are the means of three replicate plates, each replicate representing a separate homogenate of inlectivc juveniles. 
a Bands were numbered cathodal or anodal (-) in increasing numerical order relative to the distance that they migrated nwuy 
from the origin. Bands among isolates were considered the same if their l.l values were within I 0% of one another. Dashes 
indicate absence of bands. 
hS. c. = Steinernema carpocapsae, S. f = S. fo/tiae, S. r. = S. riobravis. All, UmeA, LtC, NF and TX are strain designations. 
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CHAPTER3 
EFFECT OF RECYCLING TEMPERATURES ON TEMPERATURE 
TOLERANCES OF ENTOMOPATHOGENIC NEMATODES. 
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3.1. ABSTRACT 
Two strains (NF and Umea) of Steinernemaftltiae, Steinernema carpocapsae All 
strain and Steinernema riobravis TX strain were recycled at 25, 20 and 15 and 10 °C 
(where possible) for 2 years, then their capacities for tolerating high temperatures and 
freezing were determined. In all isolates, the UT50, the upper temperature at which 50% 
of the infective juveniles died. increased with higher recycling temperatures. Tolerance 
to freezing, as measured by times at which 50% of the infective juveniles were killed by 
a -5 oc regime. was diminished at higher maintenance temperatures. The infectivity of 
nematodes that survived freezing was~ 90% that of unfrozen nematodes (controls). Two 
strains of S. feltiae were the most cold tolerant of the four isolates. but their capacities to 
withstand freezing were diminished by recycling at wanner temperatures. Steinernema 
riobravis, with the highest UT50 values, was the most heat tolerant, whileS. carpocapsae 
All strain displayed an intermediate degree of tolerance to high temperatures. 
3.2. INTRODUCTION 
The importance of temperature as a key environmental factor that affects the 
dispersal, infectivity, reproduction and development of entomopathogenic nematodes (f. 
Steinemematidae and Heterorhabditidae) is well established (K.aya. 1990; Grewal et al .• 
1994; Mason and Hominick. 1995; Molyneux, 1985; Griffin. 1993; Steiner, 1996). 
Nevertheless, infective juveniles of entomopathogenic nematodes have been recovered 
from the soils of a wide variety of climatic regions (Amarashinghe eta/., 1994; Cabanillas 
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eta! .. 1994: Griffin eta!. 1991: Jagdale eta!.. 1996; Mracek and Webster. 1993). Such 
nematodes are able to survive at habitat temperatures that undergo daily and/or seasonal 
cycles of fluctuation. To compensate for potentially lethal temperatures. infective juveniles 
may move deep into the soil (Kaya. 1990) or extend their thermal tolerance limits through 
processes of acclimatization. 
lt is possible that the thermal tolerance of nematodes such as steinemematids may 
be amenable to o:.djustment through laboratory acclimation involving prolonged 
maintenance or recycling at defined temperatures. Dunphy and Webster (1986) concluded 
that Heterorhabditis heliothidis and two strains of S. foltiae had no such capacity for 
temperature adaptation resulting from subculturing the nematodes at various temperatures. 
However. after a more prolonged subculturing regime at temperatures different from the 
stock cultures. the temperature limits for virulence and establishment of Heterorhabditis 
bacteriophora and Steinernema anomali. as well as for reproduction of the former species, 
were extended (Grewal et a/., 1996). Heat tolerance, infectivity and reproduction of a 
strain of H bacteriophora isolated from the Negev desert in Israel were enhanced by 
rearing the nematodes at a warmer temperature. whereas no such effects were noted for 
the commercially available HP88 strain of the same species (Shapiro eta!., 1996). The 
purpose of the present study was to investigate whether the heat and cold tolerances of 
three species of Steinernema were affected by the temperature regimes at which they were 
recycled. 
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3.3. MATERIALS AND METHODS 
3.3.1. Sources of nematodes 
Steinernema carpocapsae All strain was provided by Plant Products Ltd., 
Brampton. Ontario. Canada; S. riobravis TX strain by Dr. H. E. Cabanillas, USDA. ARS. 
Crop [nsects Research Uni~ Weslaco, TX .. U.S.A. S.foltiae Umea strain was provided by 
Dr. R. West. Canadian Forest Service (CFS), St. John's, NF, Canada from a stock colony 
that had been obtained initially from Biologic Biocontrol Products, Willow Hill, P A., 
U.S.A. Steinernema foltiae NF strain is a new strain (Jagdale et a/., 1996) that was 
isolated in Summer 1993 from soil on an organic garden close to St. John's, NF, using 
Galleria bait traps (Woodring and Kaya, 1988). 
3.3.2. Recycling temperature regimes 
All nematode strains were maintained for two years (May, 1994- May, 1996) by 
propagation through G. mel/onella larvae (Woodring and Kaya, 1988; see Appendix I): 
NF and Umea strains of S. feltiae at 10, 15, 20 and 25 °C; S. carpocapsae All strain at 15, 
20 and 25 oc and S. riobravis TX strain at 20 and 25 °C. 
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3.3.3. Upper and Lower Lethal Temperature Tolerance 
3.3.3.1. Upper temperature tolerance (UT5ol 
Infective juvenile suspensions of each of the four isolates maintained at the 
specified temperatures were prepared. with some modifications. as described by Gordon 
et a/. ( 1996). The first infective juveniles (0-48 h- old) to emerge from the insect cadaver 
were collected into dilute formaldehyde solution inside White traps (Woodring and Kaya. 
1988) rinsed twice with distilled water, then suspended in 500 ml distilled water to a 
concentration of 100-400 infective juveniles/mi. Then, 1 rnl of this suspension was 
transferred into seven separate 50 ml capacity beakers containing 9 ml distilled water. The 
beakers were then transferred into an incubator (Conviron Controlled Environments Ltd., 
Winnipeg, Manitoba, Canada) at 26 °C, programmed to increase its temperature 
automatically by 1 oc every hour. Every hour. a 1 ml infective juvenile suspension was 
removed from each of the seven beakers, examined under a stereornicroscope and the ratio 
of dead/live nematodes determined. After counting, each 1 ml sample was poured back 
into the beaker from which it had been derived. Each beaker was considered as a separate 
replicate (n= 7). 
A basal temperature of 26 oc was selected because it had been observed that, 
regardless of prior maintenance temperature, all infective juveniles that were transferred 
to 26 oc were still active after 24 hours. Nevertheless, controls were provided for each 
experiment. As a control, one separate 50 ml beaker containing 10 ml of the fmal 
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infective juvenile suspension (100-400 infective juveniles) of each isolate from each 
recycling temperature was transferred into an incubator maintained at 26 oc until the end 
of each experiment and then examined for mortality as described above. 
3.3.3.2. Lower temperature tolerance (Lt50) 
Since it had been determined previously that the infective juveniles of all isolates, 
regardless of maintenance temperature. were tolerant of cold temperatures down to at least 
5 °C, the lower temperature tolerance of infective juveniles was compared by determining 
the time required to kill 50% (L£s0) of the nematodes at a subzero temperature ( -5 °C) 
rather than by attempting to measure lower lethal temperatures. 
Using a Gilson<Rl pipetman. 200 (0-48 h-old) pre-rinsed infective juveniles of each 
isolate were transferred from the distilled water suspension into a set of twenty- four 50 
ml beakers containing 10 ml of distilled water. In order to avoid thermal shoe~ all 24 
beakers were transferred to an incubator at 5 oc for 12 hours, 0 oc for another 12 hours, 
then transferred to -5 °C. The ratio of dead/live nematodes was recorded at 1, 2, 4, 6 and 
8 hours after transferring them to -5 °C. For each observation. three beakers containing 
200 frozen infective juveniles were removed from the incubator, allowed to thaw and 
recover for 8 hours at room temperature (25 °C), then the ratio of dead/live nematodes 
were recorded. All the nematodes in each of the beakers were counted. Each beaker was 
considered as a separate replicate (n-- 3 ). 
In both experiments (UT so and Lts0), the ratio of dead/alive nematodes was 
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determined on the basis of spontaneous movement and movement after probing immobile 
nematodes with a lachrymal needle under a stereomicroscope (Gordon et a/., 1996). 
3.3.3.3. Infectivity of Steinernema isolates subsequent to freezing ( -5 °C) 
lnfective juveniles (2500) of each of the four isolates that had been recycled at 
different temperatures were rinsed. transferred into beakers containing 10 ml distilled 
water. then transferred gradually to -5 oc as described above. After five hours of freezing, 
the nematodes were removed from the incubator and allowed to thaw and recover for 8 
hours. Two hundred active infective juveniles of each of the four isolates that recovered 
from freezing were transferred to a filter paper (Whatman no. 4) circle lining the base of 
each of five separate petri dishes (5 em dia.) and the filter paper evenly moistened by 
adding s; 0.2 ml distilled water (Gordon et al., 1996). Ten last-instar larvae of G. 
mellonella were added to each petri dish, all of which were then transferred to an 
incubator maintained at 25 °C. Each petri dish was considered as a separate replicate (n= 
5 for each isolate and maintenance temperature). 
Larval mortality was assessed 72 hours after infection; all dead insects were 
transferred to White traps (Woodring and Kaya. 1988) for the emergence of infective 
juveniles to verify that these insects were infected by nematodes. For each isolate and 
maintenance temperature, controls consisted of 200 infective juveniles in a single 50 ml 
beaker containing I 0 ml distilled water; control infective juveniles were pre-conditioned 
to 5 oc as experimental infective juveniles, but were then held at 0 oc in an unfrozen 
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condition for 5 hours. These infective juveniles were used for infection of wax moth 
larvae: five replicates (10 insects/ petri dish) were set up for each set of controls. 
3.3.4. Statistical analysis 
Pro bit analysis (Noru5is. l 990) was used to calculate upper lethal temperature 
(UT50) and lower lethal temperature time (Lt50) on log10 transformed data. In both upper 
lethal temperature and lower lethal temperature time studies, significant differences 
between pairs of UT50 and Lt50 values were based on the criterion of non overlap of 95% 
confidence limits. Following arcsine transformation, the data on infectivity of Steinernema 
isolates subsequent to freezing was analysed by Kruskal-Wallis non-parametric one way 
ANOV A (Jandel CorporationtR>, Sigma Stat, 1992). 
3.4. RESULTS 
3.4.1. Upper temperature tolerance 
There was no mortality of infective juveniles in any of the controls held at 26 °C. 
Regardless of species or strain of nematode, the UT50 increased progressively with 
increase in maintenance temperature (Table 1). However, UT50 values for each recycling 
temperature regime were also strain related. The Umea and NF strains of S. feltiae, with 
lowest UT 50 values of the four isolates recycled at 20 and 25 °C, possessed the least 
capacity for upper temperature tolerance~ while the TX strain of S. riobravis was most 
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tolerant of high temperature (Fig. 1 ). Upper lethal temperature (UT50) values for the two 
strains (NF: Umea) of S. felriae \vere not significantly different from each other at all 
recycling temperature regimes. The All strain of S. carpocapsae appeared to display a 
level of high temperature tolerance intermediate between the twoS. jelliae strains and S. 
riobravis TX strain. At maintenance temperatures of 15. 20 and 25 °C, the All strain of 
S. carpocapsae had UT50 values that were significantly higher than the values for S. feltiae 
Umea strain~ at the 25 oc maintenance temperature. S. carpocapsae All strain had a UTso 
value significantly lower than that of S. riobravis TX strain (Fig. I). 
3.4.2. Lower temperature tolerance 
There was no mortality of infective juveniles in any of the unfrozen controls held 
at 0 °C. In all isolates, the survival times at -5 oc increased as maintenance temperature 
decreased (Table 1 ). Although S. foltiae NF and Umea strains were more cold tolerant 
than the other isolates and the only nematodes capable of recycling at 10 °C, their capacity 
to withstand freezing was impaired by continual recycling at warmer temperatures. Thus, 
at a maintenance temperature of 15 °C, infective juveniles of S. carpocapsae All strain 
survived freezing at -5 oc as well as did S. Jeltiae infective juveniles (Fig. 2). At 
maintenance temperatures of 20 and 25 oc. S. riobravis TX and S. carpocapsae All 
infective juveniles had Lts0 values that were significantly greater than those of the S. 
feltiae strains. The freezing survival time for S. riobravis TX that had been recycled at 
20 and 25 oc was the same as for S. carpocapsae All. 
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3.4.3. Infectivity of steinernematids subsequent to freezing (-5 °C) 
In all control experiments involving the use of unfrozen infective juveniles. 100 
%of the insects were killed by the nematodes. In all isolates the maintenance temperature 
did not significantly affect the infectivity of the infective juveniles that survived freezing 
(Table 2). Regardless of strain or prior maintenance condition, nematodes that survived 
freezing for five hours at -5 oc retained over 90% of the infectivity compared to controls. 
It was also observed that the infective juveniles of each isolate emerged normally from 
the insect cadaver within 12- 15 days after infection. 
3.5. DISCUSSION 
This study has shown that the upper and lower thermal tolerances of 
entomopathogenic nematodes may be experimentally influenced by the temperature at 
which they are maintained. However, such manipulation of temperature tolerance is 
restricted by genetic differences among the isolates. 
Rearing at warmer temperatures increased the upper lethal temperatures and 
decreased survival times in the frozen condition in all three species of Steinernema. 
Conversely, when nematodes were reared at colder temperatures, their upper lethal 
temperatures were decreased, while their freezing survival times were lengthened. The 
nematodes used in this study were recycled at specified temperature regimes for more than 
two years. Therefore, the observed shifts in upper and lower temperature tolerances may 
be due to changes in their genetic constitution resulting from artificial selection and/or to 
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environmentally - induced processes of thermal acclimation. 
With respect to the latter possibility. acclimation to ambient temperatures has been 
demonstrated for several species of free-living nematodes (Mabbett and Wharton. 1986: 
Pickup. 1990: Wharton and Brown. 1991 ). as well as for the transmission stages of animal 
and plant parasitic ones (Ash and Atkinson. 1986; Forge and MacGuidwin. 1992). 
Survival at sub-zero temperatures was enhanced in Heterorhabditis sp. following 2-4 
months storage (Griffm. 1993) or in H. bacteriophora. S. anomali and S. feltiae following 
short-term (12- 14 days) incubation (Brown and Gaugler, 1996) at temperatures lower than 
those at which recycling had been carried out. In this study, the possibility that 
temperature-induced acclimation may. partly. be responsible for the increased 
thermo tolerance of strains that had been recycled at warmer temperatures is supported by 
Selvan et al. (1996). who showed that the infectivity and heat tolerance of H 
bacteriophora to temperature regimes above the recycling temperature was enhanced by 
pre-conditioning the infective juveniles to 35 oc for a short time ( 1- 3 hours). On the basis 
of long term recycling experiments, Shapiro eta/. ( 1996) concluded that the heat tolerance 
trait of a desert-dwelling strain of H. bacteriophora was genetically based, but that the 
property could be influenced by the rearing temperature. 
It would appear that adaptation to cold temperatures in certain entomopathogenic 
nematodes involves an increased tolerance to freezing of the body fluids (Brown and 
Gaugler, 1996). while in others. freezing is avoided by depression of the supercooling 
point (Wharton and Surrey, 1994). However, physiological manifestations of adaptation 
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to temperatures above freezing include changes in the isozyme profiles of certain 
metabolic enzymes (Chapter 5) and near the upper lethal temperature. the synthesis of heat 
shock proteins (Selvan et al.. 1996). Further studies are in progress to more fully 
characterize the physiological nature of the adaptive mechanism(s). 
Regardless of the isolate and its maintenance temperature, the infectivity of 
infective juveniles that survived the freezing regimen was not unduly compromised (( 
1 0°/o) by the procedure. This suggests that measurement of infective juveniles mortality 
constitutes a reasonable estimate of the effect of freezing on the nematodes and that 
alterations in infectivity are not part of the response to sub-zero temperatures. By contrast, 
prolonged storage (2-4 months) of infective juveniles of Heterorhabditis sp. at a cold (9 
°C) temperature above zero resulted in improved infectivity at the same temperature, 
possibly due to cold temperature induced physiological acclimation (Griffin, 1996). 
In the present laboratory assays, 50% of the nematodes died within 7 hours 
subsequent to freezing at -5 °C. This survival percentage appears consistent with those 
reported for H. bacteriophora, S. anomali, and S. fe/tiae, viz. 30-40% and 10% after 
freezing for 12 hours and 1.3-2. 7 days, respectively (Brown and Gaugler, 1996). However, 
such experiments, carried out under varied laboratory conditions~ have not been designed 
to mimic the seasonal changes in soil temperatures that occur in cold climates. As in 
boreal insects (Senune, 1982)~ a gradual sequence of environmental changes may be 
needed to induce cryoprotectant mechanisms for overwintering. Consequently, while such 
assays are useful for evaluating comparative tolerances to freezing, the actual values 
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yielded cannot be directly extrapolated to the tield situation. 
The current results do not agree with those of Dunphy and Webster ( 1986), who 
observed no temperature adaptation. [n H. heliothidis and two strains of S. foltiae. times 
and intective juveniles concentrations required to kill G. me lionel/a larvae were unaffected 
by subculturing at various temperatures. These authors employed a shorter (9 months) 
period of recycling, so it is possible that adaptive mechanisms may not have had sufficient 
time to develop. Thermal adaptation was reported by Grewal eta/. (1996) and Shapiro et 
al. (1996) who. as in the present experiment. used a more prolonged recycling period (12 
repeated passages through wax moth larvae). Both upper and lower limits for infection of 
H. bacteriophora and S. anomali were extended when recycled at the lower ( 15 °C) and 
upper (30 °C) thermal limits of their reproduction (Grewal et al., 1996). The adaptive 
responses that we have described. involving a shift, rather than an expansion. of the 
tolerance ranges accords more closely with what has been reported to occur in a wide 
range of other poikilotherms (Fry, 1967; Quinn et al., 1994; Howling eta/., 1994). 
The fact that genetic differences among the isolates limited the degree to which 
thermal adaptation occurred is to be anticipated. Species and even strains of 
entomopathogenic nematodes were found to have distinct temperature limits for 
development and reproduction (Grewal et al., 1994, 1996; Mason and Hominick, 1995). 
It has been suggested that the lower and upper temperature limits for the activity of 
entomopathogenic nematodes are correlated with the temperatures of their original habitats 
(Molyneux. 1986) and the present studies appear to validate this proposition. With respect 
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to the isolates used in the present study, the tv.ro strains of S. feltiae, Umea and NF. 
originally isolated from Sweden (Pye and Pye. 1985) and Newfoundland, Canada (Jagdale 
et a/.. 1996) respectively, were the only ones able to recycle at 10 oc. Steinernema 
riobravis TX strain could not be recycled at any of the temperatures tested below 20 °C, 
undoubtedly a reflection of its subtropical habitat (Cabanillas eta/., 1994 ). The All strain 
of S. carpocapsae, an isolate that has been subjected to extensive laboratory and 
commercial subculturing displayed an intermediate minimum temperature for recycling 
( 15 °C). The degree to which this nematode resembles natural field populations in Georgi~ 
U.S.A .. from which it was originally derived (Poinar. 1979), is unknown. 
All of the isolates. regardless of recycling temperature, had UT50 values (35- 45 
°C) that were sufficiently high to satisfy soil temperatures likely to be encountered in all 
except the most extreme soil situations. Provided that steps are taken to shield infective 
juveniles from extreme heat and desiccation during their application to the soil, tolerance 
to high temperatures should not limit their usefulness in pest management. With respect 
to the use of nematodes in cold climates, however, the present data suggest that the 
boreally adapted strains of S. feltiae would need to be recycled at 10-15 oc in order to 
retain a high degree of freezing tolerance. The subtropical S. riobravis and the 
commercially produced S. carpocapsae All strain recycle well and have a good capacity 
for tolerating high temperatures, when recycled at temperatures (20- 25 °C) at which 
commercialization seems practical. Such nematodes appear suited for both inundative and 
inoculative releases in subtropicaUtropical climates in which tolerance to freezing would 
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not be an issue. Inundative short term applications of these nematodes in temperate or 
even boreal situations accords with their present usage and with the fact that ability to 
withstand freezing was compromised in all of the isolates when recycled at 25 oc. 
60 
Table 1. Probit analysis oftemperature tolerances of three species ofSteinernema recvcled 
at various temperature regimes. -
Species and strains RT1 Slope± SE UT•so Slope± SE Lt150 
of Steinernema (oC) (oC) (Hours) 
S jdtiae NF strain 10 38.3 :± 0.7 36.4:1 4.7 ± 0.2 7 -.b 
·-' 
(36.0 - 36.7)2 (5.1- 129) 
15 56. 8 ± 1.2 38.0b 6.1± 0.3 6.7b 
(37.5 - 38.4) (6.1- IO.l) 
20 49.1 ± 1.0 40.2c 3.3±0.1 3.9:lb 
(39.8 - 40.7) (1.4- 9.7) 
25 51.2 ± 0.8 40.7c 4.1 ± 0.1 .. ?il 
-'·-
(40.3-41.1) (21 - 4A) 
S. je/riae Umea strain 10 45.9 ± 1.8 35.0d 3.5 ± 0.1 6.6c 
(34.8 - 35.2) (49- 8.1) 
15 36.4± 1.1 36.2c: 3.4±0.1 6.3c 
(35.9 - 36.5) (49- 9.D) 
20 48.2 ± L9 37.7f 3.9 ± 0.1 3.0d 
(37.4 - 38.0) (3.1-4.5) 
25 35.5 ± 1.31 40.48 8.7 ± 0.3 2.8d 
(40.2- 40.6) as- 3.0) 
S. carpocapsae All strain 15 72.3 ± 1.8 40.2fl 3.8 ± 0.2 6.3c 
(39.9 - 40.5) (4.8- lOS) 
20 50.8 ± 0.7 42.4' 3.5 ± 0.2 6 .. c: 
·-' 
(41.8 - 43.2) (4.8- 10.4) 
25 44.1 ± L4 43.4-i 6.4 ± 0.2 3.8f 
(43.2 - 43.7) (3.1 - 4.1) 
S. riohravis TX strain 20 93.4 ± L7 44.41t 3.7 ± 0.2 6.2& 
(44.5 - 45.2) (4.9- 112) 
25 61.6 ± 1.1 46.21 5.7 ± 0.2 4.5fl 
(45.9 - 46.5) (3.9-5.0) 
1RT= Recycling temperature; UT50= Upper lethal temperature; Lt50 (hrs) = Lower lethal 
temperature time.2Values in parentheses are the upper and lower 95% confidence intervals. 
Based on confidence intervals~ the values for a given isolate in the same vertical column 
that are followed by the same letter are not significantly different from one another. 
Fig. I. Effect of recycling temperature on the upper lethal temperature (UT50) of four 
isolates(= three species) of Steinernema maintained at four different temperature regimes. 
~F = Newfoundland strain of S. feltiae~ Umea = Umea strain of S. feltiae: All = All strain 
of 5:. c:crrpocapsae and TX = TX strain of S. riohravis. Vertical lines are standard error 
bars. 
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Fig. 2. Etfect of four different recycling temperature regimes on the lower lethal 
temperature time [Lt50 (hours)] required to kill 50% steinemematids (three species= four 
isolates) following 5-hour exposure to -5°C. NF = Newfoundland strain of S. feltiae; 
Umea = Umea strain of S. feltiae; All =All strain of S. carpocapsae and TX = TX strain 
of S. riohravis. Vertical lines are standard error bars. 
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Tabk 2. Ellcct of freezing on the infecti\·iry of entomopathogenic nematodes r~cyd\!u at 
\·ariLHIS tt!mperatures. 
RT ( ::c l .r...·_ telliae 
~F strain ::: SE 
10 s2. 7 = -J..s-· 
15 81.0 = 5.6·' 
20 75A::: 3.6-' 
., .. 
_) 77.-+ = 5.4" 
% Ylortality 
S felriue S. curpocapsae 
Umea strain ::: SE All strain = SE 
82.7 == 4.7" 
81.0 == 5.6" 82.6 :±: 4.5c 
81.0 = 5.6" 71.6 == o.oc 
77.4 == 5.4" 71.6 ± o.oc 
S. riuhra\·is 
TX strain= SE 
75.6 = 6.0J 
75.6 = 6.0J 
RT= Recycling Temperature. Dashes indicate absence of observations becaust! S_ 
c.:arJwc.:apsae and S. riohravis did not recycle at these temperatures. Values ( .-\rcsine 
transtom1ed) tollO\.ved by the same lener are not significantly dit1~rent { P ~ 0.05 ). as 
dt!termined by the Kruskal-Wallis one way ANOVA (n=5). 
CHAPTER4 
EFFECT OF RECYCLING TEMPERATURE ON THE INFECTIVITY OF 
ENTOMOPATHOGENIC NEMATODES. 
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4.1. ABSTRACT 
The effect of long- term (two years) recycling temperatures (10 - 25 °C) on the 
infectivity of four isolates (Sreinernema carpocapsae All strain. Sreinernemafelriae Umea 
strain. Sreinernema folriae NF strain and Steinernema riobravis TX strain) of 
entomopathogenic nematodes was examined by measuring L050 values in wax moth 
(Galleria rnellonella) larvae at bioassay temperatures from 5 to 25 °C. Only the Umea and 
NF strains of S. foltiae that had been recycled at 10 oc infected and killed the insects at 
a 5 °C bioassay temperature. Steinernema carpocapsae All strain and S. riobravis TX 
strain were infective at 10 oc only when the recycling temperatures were ~ 20 oc. The 
infectivity of the two strains of S. foltiae at 10 or 15 oc was compromised by propagating 
them at warmer temperatures (20- 25 °C). The Umea strain of S. feltiae displayed impaired 
capacity to infect hosts at warm temperatures (20- 25 °C) when recycled at colder(~ 15 
°C) temperatures. 
4.2. INTRODUCTION 
Entomopathogenic nematodes (f. Steinemematidae and Heterorhabditidae) have 
potential in controlling a wide range of agriculturally important pests endemic to soil and 
cryptic environments (Begley. 1990; Klein. 1 990). Soil-inhabiting infective juveniles of 
both steinemematid and hererorhabditid nematodes carry a species- specific symbiotic 
bacterium of the genera Xenorhabdus and Photorhabdus. respectively. in their intestines 
(Boemare eta/ .. 1993 ). The free-living infective juveniles enter their hosts through natural 
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openings. Once in the hemocoeL each infective juvenile releases the mutualistic bacteria 
from its anus. The bacteria release toxins to kill the insect host. usually within 24- 48 
hours. then reproduce \Vithin the cadaver. providing a nutritional milieu for nematode 
development and reproduction (Poinar. 1990). 
In the commercialization of these nematodes. it is important to determine the 
degree to which the conditions pertaining to the mass cultivation system affect biological 
characteristics of the nematode (e.g. temperature tolerance, infectivity) that influence field 
efficacy. [t has been reported that infective juveniles of Heterorhabditis zealandica show 
a greater degree of cold tolerance when cultivated in vivo than when reared in artificial 
media (Surrey. 1996). lt was demonstrated that the capacities of entomopathogenic 
nematodes to tolerate extreme temperatures may be modified by the temperatures at which 
they are recycled. Nematodes recycled at colder temperatures have a superior capacity to 
withstand freezing, but inferior capacity to tolerate warm temperatures. compared with 
those recycled at warmer temperatures (Chapter 3 ). Shapiro et a!. ( 1996) also showed that 
the heat tolerance of Heterorhabditis bacteriophora IS5 strain was enhanced by recycling 
the nematodes at 30 oc (compared to 25 °C), whereas no such effects were noted for the 
commercially available HP88 strain of the same species. Shorter- term temperature-
acclimation studies demonstrated that survival at sub-zero temperatures was enhanced in 
several species of entomopathogenic nematodes following storage at temperatures lower 
than those at which recycling had been carried out (Brown and Gaugler, 1996; Griffm, 
1993 ). Similarly, the heat tolerance of H bacteriophora to temperature regimes above the 
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recycling temperature was enhanced by pre-conditioning the infective juveniles to 35 oc 
for l-3 hours lSelvan eta/ .. 1996). 
To achieve successful inundative and inoculative pest control, it is important that 
in addition to temperature tolerance. the infectivity of the nematode not be compromised 
by the rearing protocoL lt has been observed that the temperature limits for infectivity and 
development of H bacteriophora and Steinernema anomali. as well as for reproduction 
of the former species. were extended following prolonged subculturing at temperatures 
different from the stock cultures (Grewal et a/.. 1996). Similarly the infectivity and 
reproduction of Ii bacteriophora £S5 strain isolated from the Negev desert in Israel were 
enhanced by recycling the nematodes at 30 oc rather than 25 oc (Shapiro et a/., 1996). 
However. the capacity for infectivity was unaffected in H bacteriophora HP88 strain. 
Heterorhabditis heliothidis and two strains of S. feltiae by propagating at various 
temperatures (Dunphy and Webster. 1986; Shapiro et al., 1996). The present investigation 
studies the effect of various long- term (two years) recycling temperatures on the 
infectivity of four isolates of entomopathogenic nematodes, bioassayed at numerous 
infection temperatures. 
4.3. MATERIALS AND METHODS 
4.3.1. Sources of Nematodes 
Steinernema carpocapsae All strain was provided by Plant Products Ltd., 
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Brampton. Ontario. Canada: S. riohravis TX strain bv Dr. H. E. Cabanillas. USDA. ARS. 
, . 
Crop lnsects Research Unit. Weslaco. TX .. U.S. A. Steinernemafeltiae Umea strain was 
provided by Dr. R. West. Canadian Forest Service (CFS), St. John's. NF. Canada from a 
stock colony that had been initially obtained from Biologic Biocontrol Products. Willow 
Hill. P A. U. S. A. Steinernema fe/tiae NF strain is a new strain that we isolated in 
Summer 1993 from soil on an organic garden close to St. John's. NF (Jagdale et al .• 
1996) using Galleria bait traps (Woodring and Kaya. 1988). All nematode isolates were 
recycled once by propagation through wax moth larvae (Woodring and Kaya. 1 988) at 
25 oc before subjecting them to various recycling regimes. 
4.3.2. Effects of recycling temperatures on infectivity 
All nematode strains were recycled for two years (May, 1994-May, 1996) by 
propagation through G. mellonella larvae (Woodring and Kaya. 1988; see Appendix I): 
NF and Umea strains of S.feltiae at 10. 15. 20 and 25°C; S. carpocapsae All strain at 15. 
20 and 25 "C and S. riobravis TX strain at 20 and 25 °C. Infectivity of these strains from 
each recycling temperature regime was bioassayed against last-instar larvae of G. 
mellonella at 5. 10, 15. 20 and 25 oc bioassay temperatures and LD50 values (i.e. dose of 
infective juveniles required to kill 50% of the wax moth larvae) determined (Dunphy and 
Webster. 1986). The sizes of the LD50 values are inversely correlated to the nematode's 
infectivity. 
Infective juveniles of each of the five isolates (0-48 h- old) that had been recycled 
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at different temperatures were transferred from 0.1% formalin solution 
(-+0% formaldehyde : distilled water. 1 : I 000 v/v} in the White traps (Woodring and 
Kaya. 1988) in separate 250-ml beakers containing distilled water and allowed to settle 
in the beaker. The nematodes \Vere rinsed twice by pouring off the water, adding more 
distilled water. then pouring off the water again. The nematode suspension was then 
transferred to a petri dish (9 em dia. ). Using a GilsontR> pipetman. pre-rinsed infective 
juveniles of each isolate were individuaily counted under a stereomicroscope and doses 
of I 0. 20. 30. 40. 50. 60. 70, 80. 90 and l 00 infective juveniles transferred to filter- paper 
circles (Whatman no. 4) lining the bases of each of five petri dishes (5 em dia). The filter 
paper circles were evenly moistened by ::; 0.2 ml distilled water (Gordon et a/., 1996), 
then all petri dishes containing infective juveniles were transferred to the pertinent 
infection temperature (5, 10, 15. 20 and 25 °C) for I hour. Following such conditioning, 
ten last-instar larvae of G. mel/one /Ia were added to each petri dish (Dunphy and Webster, 
1986) and maintained at the infection temperature until mortality was assessed. Each petri 
dish was considered as a separate replicate (n=5). Five replicates were set up for each set 
of controls at each infection temperature and each control petri dish contained 10 wax 
moth larvae with no nematodes. Cadavers were dissected to determine the presence of 
nematodes 3 days, 4 days, 6 days. 10 days and 3 weeks after infection. 
4.3.3. Statistical analysis 
LD50 values [log 10 (X+ 1) transformed data] were calculated using Probit analysis 
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(Norusis. 1990). Significant differences between pairs of L050 values were based on the 
criterion of non-overlap of 95% fiducial limits. There was no mortality in control 
experiments. so all mortality of intected insects was due to the nematodes and it was 
unnecessary to apply a correction factor. 
4.4. RESULTS 
The temperature regimes at which the tour nematode isolates were propagated 
intluenced their capacity to infect G me/lonella larvae over the temperature range (5 - 25 
<>C) in which infectivity bioassays were conducted (Tables l-2). Only the two boreal 
strains of S. feltiae were capable of infecting and killing the insects at an infection 
temperature as low as 5 oc, but such a capacity was very low (LD50, 5-7 times higher than 
at other temperatures) and only present in nematodes that had been recycled at the coldest 
( l 0°C) temperature (Figs. lA,B). Similarly. the warm- temperate S. carpocapsae All strain 
and the subtropical S. riobravis TX strain were infective at 10 uc only when the recycling 
temperatures were 5 20 oc (Figs. 2A.B). 
In situations where infections were possible, the infectivity at lower temperatures 
of all four isolates was significantly impaired by recycling at warmer temperatures. In 
S. feltiae NF and Umea strains recycled at l 0 and 15 °C, infectivity was the same at all 
bioassay temperatures from 10 - 25 °C. At higher recycling temperatures (20. 25 °C), 
infective juveniles of both these isolates had an inferior capacity to infect hosts at 10 oc 
when compared to that displayed by their cohorts that were bioassayed at higher (20, 25 
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''C) temperatures (Figs. I A.B ). The infectivity at l 0 oc of infective juveniles of S. foltiae 
NF strain that had been propagated at 20 or 25 ac was significantly less (i.e. LD50 values 
significantly higher) than that shown by this strain recycled at 15 oc at any of the bioassay 
temperatures (Fig. l A: Table l ). Recycling of S. carpocapsae All strain could not be 
accomplished at I 0 ac and recycling of S. riobravis TX strain was limited to 20 and 25 
oc (Fig. 2 A.B ). The infectivity of infective juveniles of S. carpocapsae All strain, 
measured at l 0 oc. was the same in nematodes that had been recycled at 20 oc as in those 
recycled at 15 ac (Fig. 2A). However. nematodes recycled at 25 oc were not infective at 
10 °C. 
Infectivity of both S. carpocapsae All (Fig. 2A) and S. riobravis TX (Fig. 28) 
strains. measured at :2:: 15 °C, appeared largely unaffected by recycling temperatures when 
comparisons are made at the same bioassay temperatures between LD50 values of infective 
juveniles recycled at the various temperatures (Table 2). With respect to the two boreal 
strains of S. feltiae. infectivity at 15 oc of the NF strain was significantly impaired by 
recycling at 25 °C; LD50 values (Table l) of such infective juveniles were significantly 
higher than those obtained for those recycled at colder temperatures and bioassayed at 15 
oc (Fig. l A). Infectivity of this isolate at 20 and 25 °C was independent of recycling 
temperature. The capacity of S. feltiae Umea to infect at 15 oc was unaffected by 
recycling temperature (Fig. 1 8). However. infectivity at 20 and 25 oc was significantly 
compromised by recycling at temperatures ~ 15 oc; LD50 values for nematodes recycled 
at 10 and 15 oc were significantly higher than those of their counterparts that had been 
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recycled at warmer temperatures and bioassayed at 20 and 25 oc (Table 1 ). 
4.5. DISCUSSION 
This study has shown that the temperatures at which four strains of Steinernema 
were recycled influenced the capacity of the nematodes to infect wax moth larvae at 
bioassay temperatures from 5 to 25 °C. Infection at the lower Limit of each isolate's 
temperature range for infection was prevented by recycling at warmer temperatures. Thus, 
the NF and Umea strains of S. feltiae that were recycled at ~ 15 oc were unable to infect 
hosts at 5 oc. although these strains were capable of infecting and killing hosts at such a 
temperature when propagated at l0°C. Similarly. infective juveniles ofS. carpocapsae All 
strain and S. riobravis TX strain that had been recycled at 25 oc were unable to infect wax 
moth larvae at 10 °C. although infection at this temperature occurred when nematodes had 
been recycled at lower temperatures (All strain: 15 and 20 oc~ TX strain: 20 °C). 
In addition to completely suppressing infection, partial impairment of infectivity 
at low bioassay temperatures occurred in the two strains of S. ftltiae that had been 
propagated at warmer temperatures. Diminished infectivity at 10 oc characterized both 
isolates following propagation at 20 and 25 oc; the infectivity of the NF strain at 15 oc 
was compromised by propagation at 20 °C. The converse effect of recycling temperatures, 
i.e. impaired capacity to infect at warm temperatures (20- 25 °C) caused by recycling at 
colder (:::; 15 °C) temperatures, was displayed by S. foltiae Umea strain. 
The dependence of infectivity upon recycling temperatures, as displayed by the 
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four isolates in this study. may be of more general occurrence among entomopathogenic 
nematodes. Grewal et a!. ( 1996) showed that the temperature range over which infections 
could occur in H. bacteriophora and S. anomali were extended. in comparison with the 
normal recycling temperature (25 °C). by propagating nematodes at either 15 or 30 oc. 
Similarly. H bacteriophora ISS strain that had been recycled ( 12 passages) at 30 oc had 
greater heat tolerance and increased capacity to infect wax moth larvae at 30°C compared 
with nematodes that had been recycled at 25 oc (Shapiro et a/.. 1996). By contrast. 
however. Dunphy and Webster ( 1986) found that the infectivity of H heiiothidis NC-1 
strain and S. foltiae DD 136 and Mexican strains was not affected by subculturing for a 
shorter period (9 months) at various temperatures. 
The changes in infectivity observed in this study may be genetically based. i.e., 
the result of long- term recycling involving artificial selection. Shapiro et a!. ( 1996) 
concluded that the heat- tolerance trait of a desert- dwelling strain (ISS) of H. 
bacteriophora was genetically based. but that the property could be influenced by the 
environmental temperature. The possibility that the changes in infectivity could be partly, 
environmentally induced is supported by the studies of Griffm ( 1 996), who showed that 
storage (2-4 months) of infective juveniles of Heterorhabditis sp. at a cold (9 oc) 
temperature resulted in improved infectivity at the same temperature. 
Regardless of the nature of the induction mechanism, genetic and/or otherwise, the 
changes in infectivity observed in this study are part of a broader range of mechanisms 
deployed by the nematodes for compensating to the recycling temperature regimes. 
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Nematodes recycled at colder temperatures were found to have superior capacities to 
withstand freezing. but inferior capacities to tolerate warm temperatures. compared with 
those recycled at warmer temperatures (see Chapter 3). 
The tindings of this study have practical significance in the implementation of 
insect management programs involving steinemematids that result in good infectivity in 
the tiel d. If S. carpocapsae All strain or S. riobravis TX strain are to be used in 
situations where the soil temperature is as low as 10 oc (e.g. in a boreal zone during the 
early Summer period). infective juveniles should be administered that have been recycled 
at ~ 20 "C. recognizing that it would not be possible to recycle the TX isolate at 15 °C. 
Use of these isolates at soil temperatures ~ 15 oc would not be affected by the recycling 
temperature that we have evaluated. In the unlikely possibility that field infections at 5 
oc are desired. only the two boreal S. feltiae strains could be used, infectivity would be 
low and nematodes that had been recycled at 1 0 oc would be required. Field infections 
at 10 - 15 .,C would not be affected by the recycling temperature regime in the case of S. 
feltiae Umea strain. However. use of the NF strain of S. feltiae at 10 oc would be best 
accomplished using infective juveniles that had been recycled at ~ 15 oc, while 15 oc 
field infections should utilize nematodes recycled at~ 20 °C. Where soil temperatures are 
in the 20 - 25 oc range. the NF strain of S. feltiae could be used without reference to the 
recycling temperatures that were screened in this study. However. the Umea strain of S. 
feltiae should be administered from stocks that had been recycled at ~ 20 °C, which would 
have the best infectivity at these tield temperatures. 
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:\!though the infectivity and presumably. tield efficacy. of steinemematids can be 
modi tied by the recycling temperature. geographic and consequent genetic isolation of the 
various species and strains would be expected to play a primary role in determining the 
choice of nematode to be used in pest management. It has been suggested that the 
temperature limits for the activity of different species of entomopathogenic nematodes are 
correlated ""ith the environment of their original habitat (Molyneux. 1986). With respect 
to the isolates used in the present study. the two boreal strains of S. feltiae. NF and Umea. 
originally isolated from northern Sweden (Pye and Pye. 1985) and Newfoundland. Canada 
(Jagdale et al .. 1996). respectively. were the only ones able to recycle at 10 oc and infect 
hosts at 5 "C. Steinernema riobravis TX strain a subtropical isolate from southern Texas. 
U.S.A. (Cabanillas et al.. 1994). could not be recycled at any of the temperatures tested 
below 20 oc and the All strain of S. carpocapsae. an isolate that was originally recovered 
from a warm temperate (Georgia. U.S.A.) habitat (Poinar. 1979) displayed an intermediate 
minimum ( 15 °C) temperature for recycling. Both of these nematodes displayed poor or 
no intectivity at a 10 oc bioassay temperature. These observations give support to the 
proposition by Griffin (1993) that pre-adapted wild-type populations should be selected 
from habitats that have similar climatic profiles to those in which use is envisaged. 
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Table 1. Probit analysis of infectivity of two strains of S. feltiae from various recycling 
temperature regimes at different bioassay temperatures 
RT1 BT1 Steinernema feltiae NF strain Steinernema feltiae U mei strain 
oc oc Slo~ + SE LD1m Slo~ + SE LD 1m 
10 5 1.9 + 0.3 17.3 (12.8- 31)• 1.1 + 0.2 26.8 (15.5 - lOt)• 
10 1.0 + 0.2 3.3 (2.3 - 4.2)~ 1.8 + 0.2 2.8 (1.8- 3.7)bcde 
15 1.4 + 0.2 2.4 (0.9 - 3.6)b 2.2 + 0.2 2.5 ( 1.4 - 3.4)bcde 
20 2.4 + 0.2 3.8 (3.0 - 4.6)~ 2.7 + 0.2 3.3 (2.5 - 4.0)bc 
25 1.6 ± 0.2 3.9 (3.3 - 4.6)bc 1.7 + 0.2 3.6 (3.0 - 4.2)bc 
15 5 0.0 + 0.0 NI' 0.0 + 0.0 NI 
10 1.8 ± 0.2 3.0 (2.1 - 2.9)b 2.1 + 0.2 2.6 (2.2 - 3.9)bcd 
15 1.5 ± 0.2 2.8 (1.6 - 3.8)b 2.4 + 0.2 2.5 (2.1 - 2.9)b 
20 2.3 + 0.2 3.3 (2. 8 - 3. 7)be 2.0 + 0.2 3.0 (2.2 - 3.9)bcd 
25 2.8 + 0.2 3.4 (2. 7 - 4.0)bc 2.6 + 0.2 3.3 (2.3 - 4.3)bcd 
20 5 0.0 + 0.0 NI 0.0 + 0.0 NI 
10 2.2 + 0.2 5.5 (4.1-7.6)'d 1.8 + 0.2 4.1 (3.5 - 4.8)' 
15 1.8 + 0.2 3.5 (2.9 - 4.0)bc 2.2 + 0.2 2.9 (1. 7 - 3.9)bcde 
20 1.3 + 0.2 2. 7 (2.0 - 3.4)be 1.8 + 0.2 1.9 (1.0 - 2. 7)def 
25 1.4 + 0.2 2.3 (0.8 - 3.5)bc 2.1 + 0.2 1. 7 (0.9 - 2.4)def 
25 5 0.0 ± 0.0 NI 0.0 + 0.0 NI 
10 1.0 + 0.9 7.3 (5.6 - lO)d 1.3 + 0.2 4.5 (3.6 - 5.5)' 
15 2.6 + 0.3 5. 7 (5.2 - 6.4)d 1.7 + 0.2 2.8 (1.5 - 3.8)bcdcf 
20 1.8 + 0.2 2.6 (1.8 - 3.4)bc 2.5 + 0.2 1.4 {0.9 - 1.8)ef 
25 0.7 + 0.1 2.1 (0.8 - 3.2)c: 1.6 + 0.2 0.9 (0.5 - l.2)f 
1RT = Recycling temperature; BT = Bioassay temperature; LD50 = Infective juveniles 
required to ki1150% wax moth larvae; NI = No infection. Values in parenthese are the 
upper and lower 95% confidence intervals. Based on confidance intervals, the values for 
a given isolate in the same vertical column that are followed by the same letter are not 
significantly different from one another. 
Fig. l. Effect of recycling temperatures on the infectivity (LD50 values) of NF (Al and 
U mt!a (B) strains of S. feltiae at various bioassay temperatures. BT = Bioassay 
temperature. NI =No infection. Bars with the same letter(s) are not significantly difterent. 
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Table 2. Probit analysis of infectivity of S. carpocapsae All strain and S. riobravis TX 
strain from various recycling temperature regimes at different temperature. 
RT1 BT1 Steinemema carpocapsae Steinemema riobravis 
All stram TX strain 
oc oc SloJ!: ± SE LD1m SloJ!: + SE LD•sa 
10 5 
10 
15 
20 
25 
15 5 0.0 + 0.0 Nil 
10 1.9 + 0.2 6.0 (4.8- 7.8)IKI 
15 1.8 + 0.2 4. 7 (3.4 - 6.4)abd 
20 1.2 + 0.1 2.8 (2.0 - 3.5)bc 
25 1.6 + 0.2 2.1 (1.3- 2.8)"f 
20 5 0.0 ± 0.0 NI 0.0 + 0.0 NI 
10 1.7 ± 0.2 7.9 (6.2- tl)• 0.9 + 0.2 29.5 (15.8 - 155.0)8 
15 1.4 + 0.2 4.0 (3.2 - 4.9)c1 1.4 + 0.3 17.3 (12.2 - 33.9)• 
20 1.9 + 0.2 1.9 (1.1 - 2. 7)ccf 2.2 + 0.2 l. 9 (1.6 - 2.3)b 
25 2.2 + 0.2 1.8 (1.5 - 2.2ye 2.1 + 0.2 l. 7 (1.3 - 2.0)b 
25 5 0.0 + 0.0 NI 0.0 + 0.0 NI 
10 0.0 + 0.0 NI 0.0 + 0.0 NI 
15 1.9 ± 0.2 4.3 (2.8 - 6.l)d 1.4 + 0.2 30.9 (15.0 - 211.0)• 
20 1.6 ± 0.2 1.2 (0.8- 1.6)c:f 0.8+0.1 1.9 (0.8 - 2.8)b 
25 2.6 ± 0.3 1.0 (0. 7 - l.3)f 2.1 + 0.2 1.4 (1.0 - l.8)b 
1RT = Recycling temperature; BT = Bioassay temperature; LD50 = Infective juveniles 
required to kill 50% wax moth larvae; NI = No infection. Values in parenthese are the 
upper and lower 95% confidence intervals. Based on confidance intervals, the values for 
a given isolate in the same vertical column that are followed by the same Letter are not 
significantly different from one another. Dashes indicate that the recycling of these strains 
was not possible at that perticular temperature. 
Fig. 2. Eftect of n:cycling temperatun.:s 0n the intl.:cti\·ity (L0,11 values) of S. carpw.:apsar.: 
.\II strain 1A) and S riohravis TX strain (8) at various bioassay temperalures. BT = 
Bioassa~ t~mperature. Nl =No intection. R~P = Recycling not possible. Bars \\ith the 
same letter(s) are not significantly ditferent. 
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CHAPTER 5 
EFFECT OF TEMPERATURE ON THE SYNTHESIS OF ISOZYMES IN 
ENTOMOPATHOGENIC NEMATODES. 
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5.1. ABSTRACT 
Cellulose acetate electrophoresis was used to determine the degree to which 
isozyme banding patterns differed among isolates of steinemematid nematodes that had 
been recycled or stored at 5. 10. 15. 20 and 25 °C: Steinernemafeltiae Umea strain. S. 
carpocapsae All strain. S. riobravis TX strain and S. foltiae NF strain. ln all four isolates. 
isozyme banding patterns of malate dehydrogenase (MDH). mannose-6-phosphate 
isomerase (w1PI) and phosphoglucomutase (PGM) were affected by recycling or storage 
temperature. However. the isozyme distribution patterns of glycerol-3-phosphate 
dehydrogenase (G3PDH) were not temperature related. 
The NF and Umea strains of S. feltiae synthesized additional isozymes of MPI and 
MDH or PGM in response to cold temperatures, while S. carpocapsae All strain 
synthesized three isozymes of MDH in response to warm temperatures and an additional 
isozyme of PGM in response to cold temperatures. Isozyme synthesis may constitute a 
temperature adaptation mechanism for these nematodes. 
5.2. INTRODUCTION 
The reproduction, development. dispersal and infectivity of entomopathogenic 
nematodes (f. Steinernematidae and Heterorhabditidae) are affected by environmental 
temperature (Kaya. 1977; Grewal et al., 1994; Mason and Hominick, 1995; Griffin, 1993; 
Steiner. 1996). Nevertheless, infective juveniles of different species of entomopathogenic 
nematodes have been recovered from the soils of a wide variety of climatic regions 
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(Amarasinght! er al .. 1994: Cabanillas eta! .. 1994: Boag era! .. 1992: Griffin et al .• 1991; 
Jagdale era!.. 1996; l\tlnicek and \Vebster. 1993). 
HO\'•'ever. nothing is known about the physiological mechanisms involved in 
temperature adaptation of the nematodes. The thrust of research on temperature adaptation 
mechanisms in poikilotherms has been on teleosts and to a lesser degree, echinoderms 
(Marcus. 1977). which deploy a medley of strategies, including the synthesis of isozymes 
that are functionally suited for specific temperature regimes (Cossins, 1983; Hazel. 1995; 
Hazel and Prosser. 1974; Hochachka and Somero. 1984; Johnston, 1983; Lin eta/., 1996; 
Sidell. 1983; Somero, 1995). The degree to which this temperature adaptation strategy is 
used by other groups of poikilotherms. including nematodes, has not been thoroughly 
investigated. 
The purpose of the present investigation was to determine whether there was a 
change in the isozyme patterns of four key metabolic enzymes extracted from the four 
strains of Steinernema, which had been maintained or stored in the laboratory for 
prolonged period of time at various temperature regimes. 
5.3. MATERIALS AND METHODS 
5.3.1. Sources of nematodes 
Steinernema carpocapsae All strain was provided by Plant Products Ltd., 
Brampton, Ontario, Canada; S. riobravis TX strain by Dr. H. E. Cabanillas, USDA. ARS, 
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Crop [nsects Research Unit. Weslaco. TX .. U.S.A. Sieinernema feliiae Umea strain was 
provided by Dr. R. \Vest. Canadian Forest Service. St. John's. NF. Canada from a stock 
colony that had been initially obtained from Biologic Biocontrol Products. Willow Hill, 
PA .. U.S.A. Sieinernema feltiae NF strain is a new strain (Jagdale el a/.. 1996) that we 
isolated in Summer 1994 from soil on an organic garden close to St. John's, NF. using 
Galleria bait traps (Woodring and Kaya. 1988). 
5.3.2. Recycling/storage temperature regimes 
All nematode strains were recycled at different temperature regimes for two years 
(May. 1994-May. 1996) by propagation through wax moth (Galleria mellonella) larvae 
(Woodring and Kaya. 1988, see Appendix l): NF and Umea strains of S. feltiae at 10. 15, 
20 and 25 oc; All strain of S. carpocapsae at 15, 20 and 25 oc and TX strain of S. 
riobravis at 20 and 25 °C. Infective juveniles of these nematodes were stored in tissue 
culture bonles (600 ml) for four months (February, 1996-May, 1996) at temperatures 
where recycling of isolates was not possible (S. feltiae at 5 °C, S. carpvcapsae at 5 and 
10 °C. s. riobravis at 5, 10 and 15 °C). 
5.3.3. Cellulose acetate electrophoresis 
The procedures for enzyme extraction, cellulose acetate electrophoresis and enzyme 
staining were as described in Chapter 2 (Jagdale et a/., 1996). The enzymes were 
extracted from the infective juveniles of each of the four isolates ( 40 mg wet weight) 
88 
recycled or stored at the temperature regimes employed for each isolate. 
Specific stains were used to visualize the follov.-;ng enzymes: glycerol-3-phosphate 
dehydrogenase ( EC 1 .1.1.8 ), malate dehydrogenase (EC 1.1.1.3 7). mannose-6-phosphate 
isomerase ( EC 5.3.1.8) and phosphoglucomutase (EC 2.7.5.1) (Hebert and Beaton. 1993). 
Three replicate plates were prepared for each nematode isolate, each replicate 
representing a separate infective juveniles homogenate. The relative electrophoretic 
mobility(~) for each isoenzyme was measured to compare the migration rates (Lehninger. 
1979) and isozyme bands among temperature regimes were considered the same if their 
J.l values were within 10% of one another. This margin of error was selected because the 
highest and lowest ~ values among three replicates of the same isozyme were always 
found to be within 10% of one another (Jagdale et al., 1996). 
5.4. RESULTS 
5.4.1. Glycerol-3-phosphate dehydrogenase (G3PDH) 
The isozyme distribution patterns of this enzyme were not temperature related. All 
isolates that have been maintained or stored at 5. 10, 15, 20 and 25 oc possessed a single 
band of G3PDH activity that migrated toward the cathode (Fig. l A-D; Table I). 
5.4.2. Mannose-6-phosphate isomerase (MPI) 
[sozymes of this enzyme extracted from S. carpocapsae All strain and S. riobravis 
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TX strain were not affected by temperature. Each of these species of Steinernema 
possessed only two cathodal isozyme bands which were common to all temperature 
regimes (Table l ). The isozyme profile of this enzyme was temperature related for the NF 
and Umea strains of S. feltiae. The NF strain of S. feltiae possessed six cathodal bands 
oftv1PI activity at 5°C. four bands at 20°C and only three bands at 10. 15. 20, and 25°C. 
These three isozymes were common to all temperature regimes. Thus. three additional 
isozymes \vere synthesized at 5 °C. one of which was also synthesized at 20 oc {Fig. 1 E: 
Table 1 ). The Umea strain of S. feltiae possessed three common isozyme bands at 5, 10. 
15 and 20 °C. At 25 °C, only two of these enzymes were synthesized (Fig. 1 F). 
5.4.3. Phosphoglucomutase (PGM) 
The isozyme distribution patterns of this enzyme extracted from S. foltiae Umea 
strain and S. riobravis TX strain were not temperature related. Each of these species 
possessed two cathodal bands regardless of the temperature regime at which they were 
maintained. (Table 1). However. the isozymes of this enzyme were temperature related 
for the All strain of S. carpocapsae (Band- 2) and the NF strain of S. feltiae (Table 1 ). 
Steinernema carpocapsae All strain recycled at 20 and 25 oc possessed three isozymes 
(Table 1}. At lower temperatures (5. 10. 15 °C), an additional isozyme (the same one at 
all three temperatures) was synthesized {Fig. 2 A). Steinernemafoltiae NF strain possessed 
four isozymes of PGM common to all recycling and storage temperatures. However, one 
additional isozyme was synthesized by nematodes recycled at 10 oc (Table 1) or stored 
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at 5 "C (Fig. 2 B). The additional isozyme synthesized at 5 oc had a different 
electrophoretic mobility from the one synthesized at 10 °C. 
5.4.4. Malate dehydrogenase (MDHl 
The isozyme distribution patterns of MDH were temperature related for all four 
isolates. Steinernema carpocapsae All strain recycled at 25 oc possessed four isozymes. 
whereas only one such isozyme was produced at the other temperatures (Fig. 2 C: Table 
l ). The NF strain of S. feltiae possessed two (5: 25 °C), three ( 10; 15 °C). or four (20 °C) 
cathodal bands of MDH activity. according to storage or recycling temperature; one of 
these isozymes was common to all temperature regimes (Fig. 2 D; Table 1 ). The Umea 
strain of S. feltiae possessed two common isozymes when recycled at 5, 10 and 15 °C, 
whereas only one isozyme was present when recycled at higher temperature regimes (20; 
25 "C) (Fig. 2 E) . Steinernema riobravis TX strain recycled at 25 °C had one isozyme, two 
bands of MDH activity at 5 and 20 oc and three isozymes at 10 and 15 oc (Fig. 2 F; 
Table 1 ). 
5.5. DISCUSSION 
The steinemematid isolates responded differentially to temperature with respect to 
synthesis of isozymes. Isozyme patterns of MDH, MPI and PGM were temperature related 
in four (All. NF. Umea and TX), two (NF and Umea) and two (All and NF) strains of 
steinemematid nematodes, respectively. Steinernema feltiae NF strain displayed 
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temperature related changes in isozyme synthesis for three enzymes (MDH. MPL PGM). 
S. jelriae Umea strain tor two enzymes (iVIDH. MPI). S. carpocapsae All strain for two 
enzymes (l\tlDH. PGM) and S. riobravis TX strain for one enzyme (MDH). None of the 
isolates showed temperature related modifications in synthesis ofisozymes for the enzyme 
G3PDH. 
The production of isozymes. with kinetic properties suited to the ambient 
temperature. is regarded as an important component of the seasonal temperature adaptation 
mechanism in teleosts (Baldwin and Hochachka. 1970; Lin et a/., 1996; Lin and Somero. 
1995: Moon and Hochachka. 1971; Yamawaki and Tsukuda. 1979) and echinoderms 
(Marcus. 1 977). Experimental evidence for such a strategy is based on studies that have 
demonstrated the production of one or other of two isozymes of a given enzyme. 
depending upon the temperature at which the animals were maintained thus extending the 
range of optimal activity of the enzyme. The nematodes examined in the present srudy 
yielded isozyme data that were not so clear cut. attributed at least in part to the fact that 
most of the enzymes were divisible into more than two isozymes. This situation 
notwithstanding. most of the temperature induced changes in isozyme composition are 
explicable as adaptive in nature. Thus. it is likely that S. carpocapsae All strain 
synthesized three additional isozymes of MDH at 25 oc as an adaptation to warm 
temperature and one additional isozyme of PGM at temperatures S 15 oc as an adaptation 
to colder temperatures. Steinernemafeltiae NF strain synthesized three additional isozymes 
of MPI at 5 oc and one additional isozyme of PGM at 10 and 5 oc (not the same isozyme 
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at these two temperatures) as adaptations to cold temperature. Steinernema feltiae Umea 
strain synthesized one additional isozyme of MPI at temperatures ~ 20 oc and one 
additional isozyme of MDH at temperatures ~ 15 oc to adapt to colder temperatures. 
However. interpretation of other temperature related data is less clear. Steinernema 
riobravis TX strain yielded zymograms for MDH that were identical only at 10 and 15 oc; 
at temperatures above and below this range. there was a decrease in the number of 
isozymes. Also with respect to MDH. S. feltiae NF strain possessed an isozyme 
distribution pattern that displayed no observable trend, except that it was the same only 
for nematodes maintained at 10 and 15 °C. Thus. it is proposed that most of the enzymes 
investigated in the current study in the nematodes responded to changes in storage or 
recycling temperatures by shifting the synthesis of isozymes in an adaptive fashion. In 
situations where isozyme synthesis was temperature related, but where directional trends 
were not obvious. further studies are needed to more fully understand the functional 
significance of the observed changes. 
From the limited studies conducted. it would appear that the NF and Umea strains 
of S. ji!lliae. isolated from Newfoundland (Jagdale eta!., 1996) and Sweden (Pye and Pye, 
1985) respectively, displayed changes in isozyme synthesis geared toward cold adaptation. 
as would be anticipated from their boreal habitats. Steinernema carpocapsae All strain, 
a nematode that has been repeatedly subcultured in the laboratory for many years, 
displayed changes in isozyme profile conducive to both cold and warm temperatures. 
While the present study revealed no changes in the isozyme profiles of S. riobravis TX 
93 
that could be viewed as adaptive to its subtropical habitat. only four enzymes were 
examined and further studies are required to elucidate mechanisms of heat tolerance in 
this nematode. lt is possible that this particular nematode does not have as greater 
requirement for temperature adaptation mechanism as in the other strains studied. because 
soil in its sub-tropical habitat constitute more stable temperature. 
[n studies done on temperature adaptation in teleosts, animals were held for 
relatively short periods of time (usually several weeks) at stable, predetermined 
temperature regimes and isozyme studies conducted on the same organisms as were 
initially set up (Somera. 1995). No reproduction occurred. Accordingly, changes in 
isozyme profile were attributed to environmentally- induced thermal acclimation. 
However. in the present study. many of the nematodes were recycled over a prolonged 
time frame of two years. [n such cases, further studies would be required to determine 
whether changes in isozyme distribution pattern are environmentally- induced or whether 
they resulted from genetic selection. This would apply, for example. to all changes in 
isozyme distribution patterns recorded for S. carpocapsae All and S. foltiae Umea. which 
were recycled at each of the temperatures at which changes in isozyme distribution pattern 
occurred. However, the synthesis of new isozymes of MPI and PGM by S. fe/tiae NF 
strain as well as loss of MDH isozyme synthetic capacity by S. riobravis at 5 oc must 
have been environmentally- induced, because the nematodes were stored but not recycled 
at this temperature. 
The enzymes examined in this study are involved in key pathways of carbohydrate 
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catabolism in ~[etazoa. Glycerol 3-phosphate dehydrogenase and malate dehydrogenase 
are necessary for the glycerol phosphate shuttle and the malate-aspartate shuttle. 
respectively and these systems are crucial for aerobic glycolysis. Additionally. MDH is 
involved in mediating pathways that connect to glycolysis (viz. tricarboxylic cycle and 
fumarate reductase pathways), while MPI and PGM facilitate glycolysis and 
glycogenolysis. respectively (Lehninger. 1979). The full significance of modulating such 
pathways in response to temperature can only be appreciated when more information is 
obtained on the biochemical ecology of these nematodes. 
From a purely practical standpoint. it is proposed that cellulose acetate 
electrophoresis could be a convenient taxonomic tool for identifying species. possibly 
strains. of steinemematids (Jagdale eta/., 1996). On the basis of the present study. it is 
important to stress that recycling and storage temperatures should be standardized when 
carrying out such identifications. 
Fig. l . Electropherograms of ~-o enzymes in three species (four isolates) of Steinenzema 
recyckd stored at ti\·e different temperature regimes. A-D: G3PDH = Glycerol-3 -
phosphate dehydrogenase; E-F: l\.:lPI = Marmosc-6-phosphate isomerase. Arrow heads 
indicate points of sample application. Bands \Vere numbered in increasing numerical order 
relative to the distance that they migrated cathodally from the origin. 
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Fig. 2. Electropherograms of two enzymes in three species (four isolates) of Sreinernenw 
recycled stored at five different temperature regimes. A-B: PG!'vt = Phosphoglucomutase: 
C-F: ~lDH = Malate dehydrogenase. Arrow heads indicate points of sample application. 
Bands \\ere numbered in increasing numerical order relative to the distance that they 
migrated cathodally trom the origin 
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Tablt! I. \lean electrophoretic mobility (cm.:/sec./V) ofisoenzymes of four enzymes in tour 
isolates llf steinernematid nematodes recycled and stored at five temperature regimes. 
:;. ot=' 15 "C 
band 
Steinernema carpocapsae All strain 
Glycerol-3-phosphate dehydrogenase (G3PDH) 
l. 2.39 X 10-' 2.26 x: l O-' 2.48 X LO-' 2.46 X 10-' 
Malate dehydrogenase (MDH) 
1. 7.45 X 10"5 7.45 X 10"5 7.45 X l0"5 
2. 
.... 
-'· 
-l-. 
Mannose-6-phosphate isomerase (MPI) 
1. 1.54 X 104 1.62 x: l O-' 1.62 X 10-' 1.65 X 10-' 
.., 1.83 X l O-' 1.98 x: 104 2.05 X: 104 2.05 X 10-' 
Phosphoglucomutase (PGM) 
l. 8.61 X 10·5 8.81 X 10"5 9.01 X l0"5 8.81 X 10"5 
2. 1.09 X I0-4 1.15 x: l O-' 1.13 X: 104 
3. 2.93 X 104 2.93 X 104 2.87 X l04 2.93 X 10-' 
4. 3.11 X 104 3.11 x: IO""' 3.09 X: 104 3.15 X LO-' 
2.46 X I O-' 
7.45 X 10"5 
2.67 X 10-' 
2.82 x: I O-' 
3.04 X tO-' 
1.65 X tO-' 
2.05 X 10-' 
8.81x 1 o·' 
2.95 X 10""' 
3.13 X 1 O-' 
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Tab!~.: I ~ominued 
5 ··c 10 ''C 15 "C 20"C 25 "C 
banJ 
S. feltiae NF strain 
Glycerol-3-phosphate dehydrogenase (G3PDH) 
l. 1.93 X 10-' 1.91 X 10-' 1.89 X lO-' 1.96 X 10-' l.93 X 1 0-' 
Malate dehydrogenase (MDH) 
l. 1.22 X 10-' 1.30 X I O-' 1.30 X IO_. 1.32 X 10_. 1.32 X l 0-' 
') 1.67 X 10-' 1.67 X l O-' 
3. 2.30 X 10_. 2.32 X IO-' 2.41 X l 0-' 
~- 2.76 X lO-' 2.76 X IO-' 2.79 X 1 O-' 2.79 X IO-' 
Mannose-6-phosphate isomerase (lVIPI) 
l. 4.59 x to·; 
2. 1.64 X IO-' 1.64 X I O-' 1.64 X 1 O-' 1.64 X IO-' 1.65 X 104 
~ 1.90 X 10-' 1.90 X 10-' 1.92 X 10-' 1.88 X 1 O-' 1.88 X 104 .). 
4. 2.06 X 104 2.06 X 10-' 2.06 X 10-' 2.04 X IO-' 2.07 X 1 O-' 
5. 2.84 X 10-' 3.04 X l O-' 
6. 3.51 X 10-' 
Phosphoglucomutase ( PGM) 
l. 2.43 X I o-s 2.43 x io-s 2.43 X IO·S 2.43 X 10-S 2.43 x to-s 
2. 4.40 X I0"5 4.46 X 10·S 4.67 X 10-S 4.67 X 10·S 4.67 X 10·5 
... 6.37 X 10-S 6.37 X 10"5 6.23 X 10"5 6.23 X I0"5 6.23 x to-s .) . 
4. 2.06 X 10-' 
5. 2.39 X 104 2.31 X 10-' 2.31 X I O-' 2.31 X 1 O-' 2.31 X 10-' 
6. 3.03 X 10-' 
I 0 l 
Tablt: I ~untinued 
= of' 5 "C 
band 
s. feltiae u mea strain 
Glycerol-3-phosphate dehydrogenase (G3PDH) 
l. 1.98 X 10-4 2.15 X 10...; 2.16 X 10-' 2.15 X 10-' 2.15 X 10·~ 
Malate dehydrogenase (MDH) 
I. 1.56 X l O-' 1.58 X L O-' 1.58 X 10-' 1.58 X l O-' 
3.21 X l04 2.92 X 10-' 2.92 X 104 
Mannose-6-phosphate isomerase (MPI) 
l. 1.22 X 104 1.24 X 104 1.28 X l 04 
1.43 X 104 1.50 X 104 1.61 X 104 
... 
..). 1.83 X l O-' 1.87 X 104 1.87 X 104 
Phosphoglucomutase (PGM) 
l. 2.60 X 10-4 2.60 X 104 2.60 X 10""' 2.60 X 104 2.60 X 104 
2. 73 X 10-4 2. 73 X 1 04 2.73 X 104 2.73 X 10-' 2.73 X 104 
Tabk l ~ontinued 
band 
I. 
l. 
.., 
., 
J. 
l. 
2. 
l. 
2. 
5 ''C 10 oc 15 oc 20"C 
S. riobravis TX strain 
Glycerol-3-phosphate dehydrogenase (G3PDH) 
2.35 x w~ 2.35 x w~ 2.38 X 10~ 
Malate dehydrogenase (MDH) 
1.33 X 10~ 1.39 X 10-" 1.33 X 10-' 1.29 X 10-' 
2.33 x to~ 2.33 X 10-' 
2.67 X lQ~ 2.71 X 10-' 2.58 X 10-' 2.44 X 10-' 
Mannose-6-phosphate isomerase (MP[) 
1.85 X 10..; 
2.14 X lO..; 
2.04 X l O""' 2.00 X 104 
2.28 X 10~ 2.24 X IO~ 
Phosphoglucomutase (PGM) 
1.08 X 10..; l.06 x 1 o~ 1.04 x 1 o""' 
2.22 X 10..; 2.Jo x 1 o~ 2.28 x I o""' 
l.90 X I O""' 
2.18 X IO~ 
1.10 X 10~ 
2.28 X 10~ 
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25 ''C 
2.38 X 10~ 
l.37 X 10~ 
2.20 X 10~ 
l.08 X l O-' 
2.34 X 10~ 
Values are the means of three replicate plates. each replicate representing a separate 
homogenate of infecive juveniles. a For each enzyme of each isolate. bands were numbered 
in increasing numerical order relative to the distance that they migrated cathodally from 
the origin: they do not necessarily correspond numerically among the isolates. Dashes 
indicate absence of bands. 
CHAPTER 6 
EFFECT OF TEMPERATURE ON THE ACTIVITIES OF GLUCOSE-6-
PHOSPHATE DEHYDROGENASE AND HEXOKINASE IN 
ENTOMOPATHOGENIC NEMATODES (NEMATODA: 
STEINERNEMA TIDAE). 
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6.1. ABSTRACT 
The kinetic properties of two metabolic enzymes. glucose-6-phosphate 
dehydrogenase and hexokinase. were studied in four entomopathogenic nematodes that had 
been recycled through wax moth (Galleria mellone/la) larvae for two years at various 
temperatures: Steinernemafeltiae NF strain~ Steinernemafoltiae Umea strain, Steinernema 
carpocapsae All strain, Steinernema riobravis TX strain. The recycling temperatures 
influenced the activities of glucose-6-phosphate dehydrogenase and hexokinase in an 
adaptive fashion in all the isolates. At each assay temperature (5- 35°C), the maximum 
specific activity of both the enzymes was greater in the nematodes that had been recycled 
at lower temperatures than in those recycled at higher temperatures. In three enzyme -
nematode isolate combinations. the lowest ~ values occurred in nematodes that had been 
recycled at the lower temperatures. However. such low ~ values did not correspond with 
the recycling temperatures. 
6.2. INTRODUCTION 
Steinemematid and heterorhabditid nematodes have potential in controlling 
populations of soil-inhabiting and otherwise cryptic insects (Klein, 1990). Free-living 
infective juveniles of these nematodes are found in the soil and are mutualistically 
associated with a species-specific bacterium (Akhurst and Boemare, 1990). Infective 
juveniles gain access to the hemocoel of insect hosts via natural openings., then each 
infective juvenile releases the mutualistic bacteria from its anus. The bacteria play an 
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important role in killing the insect host and providing a nutritional milieu conducive for 
nematode development (Poinar. 1990). 
Although. in some instances. the field efficacy of entomopathogenic nematodes can 
be equivalent to insecticides (Georgi~· and Gaugler, 1991 ), their success in pest 
management is limited by several environmental factors (Kaya, 1990). Temperature is one 
of the most important factors that influence the survival, infectivity, reproduction and 
development of entomopathogenic nematodes (Griffin, 1993, Georgis and Gaugler, 1991; 
Grewal et a/., 1994; Mason and Hominick, 1995). Nevertheless, entomopathogenic 
nematodes have been reported from a wide variety of climatic regions (Amarasinghe et 
al., 1994; Cabanillas eta/., 1994; Griffin eta/. 1991; Jagdale et al., 1996; Mracek and 
Webster, 1993 ). 
In previous studies, it was determined that the capacities of steinemematids to 
tolerate temperature extremes may be modified by the temperature at which they are 
recycled (see Chapter 3). The mechanisms involved in such temperature adaptation 
included modifications in synthesis ofisozymes (see Chapter 5) and degree ofunsaturation 
of fatty acids (see Chapter 7), strategies commonly deployed by other groups of 
poikilotherms (Hazel, 1995; Hazel and Prosser, 1974; Johnston, 1983; Somero, 1995). 
Another key strategy deployed by poikilotherms for adapting to changing envirorunental 
temperatures is the capacities of several metabolic enzymes and enzymes associated with 
the nervous system to modify their structural and kinetic properties in accordance with the 
temperature regime (Baldwin, 1971; Hazel and Prosser, 1974; Hochachka and Somero, 
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1984: Sidell. 1983 ). However. no information is available on the effect of temperature on 
the kinetics of metabolic enzymes in nematodes. 
The purpose of the present investigation was to determine whether there was a 
change in the activities of two enzymes: glucose-6-phosphate dehydrogenase, a key 
enzyme in the pentose- phosphate pathway. and hexokinase, crucial for glycolysis. in four 
strains of Steinernema, which had been recycled in the laboratory for prolonged periods 
of time at various temperature regimes. 
6.3. MATERIALS AND METHODS 
6.3.1. Sources of Nematodes 
Steinernema carpocapsae All strain was provided by Plant Products Ltd., 
Brampton. Ontario, Canada; S. riobravis TX strain by Dr. H. E. Cabanillas, USDA, ARS, 
Crop lnsects Research Unit, Weslaco, TX .. U.S.A. Steinernemafoltiae Umea strain was 
provided by Dr. R. West, Canadian Forest Service (CFS), St. John's, NF, Canada from a 
stock colony that had been obtained initially from Biologic Biocontrol Products, Willow 
Hill. PA .. U.S.A. Steinernema foltiae NF strain is a new strain (Jagdale et al., 1996) that 
isolated in Summer 1993 from soil on an organic garden close to St. John's, NF, Canada, 
using Galleria bait traps (Woodring and Kaya. 1988). 
l07 
6.3.2. Recycling temperature regimes 
All nematode strains were recycled for two years (May. 1994 - May, 1996) by 
propagation through G. mellonella larvae (Woodring and Kaya., 1988; see Appendix I): 
S. foltiae Umea strain at 10, 15, 20 and 25 °C; S. feltiae NF strain at 10, 15 and 20 °C; 
S. carpocapsae All strain at 15, 20 and 25 oc and S. riobravis TX strain at 20 and 25 °C. 
6.3.3. Extraction of enzymes 
Infective juveniles of each of the four isolates were transferred from the dilute 
formalin in the White traps (Woodring and Kaya, 1988) to separate 250- ml beakers 
containing distilled water, then allowed to settle (ca. 10 min). Using a Gilson(R> pipetman, 
infective juveniles were then transferred from the bottom of the beakers to Whatman no. 
4 filter papers, so that they formed confined blobs on the papers. Samples ofNF, Umec\, 
and All strains (500 mg wet weight) and TX strain (625 mg wet weight) for glucose-6· 
phosphate dehydrogenase activity and samples of All strain (500 mg wet weight), TX 
strain (625 mg wet weight) and Umea strain (700 mg wet weight) for hexokinase activity 
were transferred into separate test tubes (ca. 15 ml). Each sample was then homogenized 
separately in 1 ml 0.09 M Tris-HCL buffer (pH 8.0) in a Potter-Elvehjem tissue grinder 
with a motor-driven pestle at room temperature (25°C). Each homogenate was transferred 
into a separate test tube containing 4 ml 0.09 M Tris-HCL buffer (pH 8.0), then samples 
were vortexed. The homogenate was centrifuged at 13,150 RPM for five minutes at room 
temperature (25°C), and the supernatant transferred to further test tubes and kept on ice 
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until used for determination of enzyme activities. Aliquots (200 J..ll) of the supernatant 
(enzyme extract) were used for determination of enzyme activity. 
6.3.3.1. Enzyme assay for glucose-6-phosphate dehydrogenase activity 
The enzyme assay, designed to measure production of NADPH (Fig, 1) was 
modified after Reimers et a!. (1993). The reaction rates of glucose-6-phosphate 
dehydrogenase activity were determined by measuring an increase in absorbance at 340 
nm with a Beckman Du<R>6 UV-Visible Spectrophotometer (Beckman Instruments Inc., 
Toronto. ON. Canada). The assays were performed following the formation of NADPH 
at four different assay temperatures, 5, 15, 25 and 35 °C. The cuvette temperature was 
controlled with a circulation water bath (Haake Mess-Technik GmbH u. Co., Karlsruhe, 
West Germany). 
Three separate tubes of reaction mixture were prepared and each tube was 
considered as a separate replicate (n=3). The reaction mixture consisted of 400 1-11 0.09 M 
Tris-HCL buffer (pH 8.0), 300 J.Ll glucose-6-phosphate (40, 80, 160, 320 or 360 mM) as 
the substrate, 100 J.ll NADP (100 1-11 1 mM NADP in 900 J.Ll distilled water) as the 
coenzyme (concentrations given represent the final concentrations in the assay solution) 
and 200 1-11 nematode (enzyme) extract. The reaction was started by simultaneous addition 
of glucose-6-phosphate and NADP. 
Fig. l. ~ADPH CP- Nicotinamide adenine dinucleotide phosphate. reduced form) standard 
curve. Data are sho\\·n as NADPH concentration (mM) ploted against absobance at 340 
nm. 
I I 0 
::: ~ 
3.0 
.- J = 2.5 = 
0 
"T 
l"""l 
~ 
~ 2.0 
'!) 
':..) 
r-
a 
...p 
0 1.5 1:1) 
.J::) 
<t: 
1.0 
0.0 ~----~------~----~------~----~----~ 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 
NADPHmM 
111 
6.3.3.2. Enzyme assay for hexokinase activity 
Hexokinase activity was assayed in only three isolates of Steinernema (All. Umea 
and TX strains) using the method described by Liu and Rothstein (1976). with 
modifications. The principle of the method was the same as that for glucose-6-phosphate 
dehydrogenase, viz. an increase in absorbance at 340 run due to production of NADPH 
(Fig. I). The reaction mixture consisted of 250 J.Ll 0.09 M Tris-HCL buffer (pH 8.0). 300 
J.Ll glucose (0.1. 0.2, 0.8. 2.5 or 10 mM) as the substrate. 100 J.Ll NADP (2 mM) as the 
coenzyme. 100 J.Ll A TP (7.5 mM). 100 J.Ll MgCl2 (40 mM). 50 J.Ll glucose-6-phosphate 
dehydrogenase (50 units I 990 J.Ll distilled water) as the coupling enzyme (concentrations 
given represent the fmal concentrations in the assay solution) and 200 J.Ll nematode 
(enzyme) extract. The reaction was started by simultaneous addition of the coupling 
enzyme. glucose-6-phosphate dehydrogenase, and the nematode (enzyme) extract. 
6.3.4. Protein assay 
Protein was analyzed by the Lowry method (Lowry et al., 1951 ). modified by 
Peterson ( 1977) using bovine serum albumin as the standard (Protein assay kit, Sigma 
Diagnostics(Rl, St. Louis. MO, USA); absorbance measurements were made at 500 run 
(Fig. 2) with a SpectronicCRl Genesys ™ 5 Spectrophotometer (Milton Roy Co .• Rochester. 
NY. USA). 
Fig. 2. Protein calibration curve. Bovine serum albumin was used as a standard (J.Lg/ml). 
Absorbance were measured at 500 nm. 
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6.3.5. Enzyme kinetics 
Specific activities of both the enzymes were expressed as enzyme activity (units) 
per rng nematode protein. One unit is defined as the enzyme activity that converts 1 J.lmol 
of substrate in 1 min under the above conditions. Michaelis-Menten constants (~and 
maximum specific activities for glucose-6-phosphate and glucose were determined from 
double reciprocal plots of reaction velocity vs substrate concentration (Lineweaver-Burk 
plots). 
6.3.6. Statistical analysis 
The data (log 10 transformed) were analysed using one way ANOVA followed by 
Student- Newman- Keuls test (Jandel Corp(Rl_ Sigma Sta~ 1992) to compare the mean 
maximum specific activity (units/mg protein) and mean~ values (mM) between the 
assay and recycling temperatures. Comparisons of specific activity data (log10 transformed) 
between recycling temperatures were also analysed by the General Linear Models 
Procedure for ANCOV A that incorporated a Duncan's multiple range test for the variable. 
This was done using Statistical Analysis System (SAS for Windows 6.1 0), a computer 
package (SAS Institute Inc., 1994). The level of significance was defined as P< 0.05. 
6.4. RESULTS 
The recycling temperatures influenced the kinetic properties of both glucose-6-
phosphate dehydrogenase and hexokinase in all three species (four strains) of 
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entomopathogenic nematodes. Regardless of recycling temperature. the maximum specific 
activities of both the enzymes increased significantly as the assay temperature increased 
from 5 to 35 oc (Tables l and 3). However. at each assay temperature. the maximum 
activity of these enzymes was recorded from the nematodes that had been recycled at 
lower temperatures (Figs. lA - 4A). Statistical comparisons of specific activity- assay 
temperature curves showed significant differences between recycling temperatures for both 
enzymes in all four isolates. 
In three instances (S. fe/tiae NF strain and S. carpocapsae All strain: glucose-6-
phosphate dehydrogenase; S. riobravis TX strain: hexokinase), enzyme substrates had ~ 
values (Tables 2 and 4) that were correlated with recycling temperatures, such that the 
lowest Km values occurred in the nematodes that had been recycled at the colder 
temperatures (Figs. 2B- 48). However, the size of the lowest ~ value (Table 2) for 
glucose-6-phosphate dehydrogenase substrate was unaffected by recycling temperatures 
(20. 25 °C) in S. riobravis (Fig. 4B) and no clear cut recycling temperature correlations 
were evident with respect to the size of the lowest ~ values for the hexokinase substrate 
of S. carpocapsae All strain (Fig. 3B) and substrates of both enzymes of the Umea strain 
of S. fe/tiae (Fig. 18). 
The lowest~ value (Tables 2 and 4) for substrates of both glucose-6-phosphate 
dehydrogenase and hexokinase occurred at ~l5°C assay temperatures (Figs. lB- 4B), with 
the exception of the hexokinase substrate of S. ftltiae Umea strain that had been 
maintained at l0°C, in which Kn values (Table 4) were independent of assay temperature 
lt6 
(fig. 1 B). There were no obvious situations in which there was a clearly defined 
correlation between the recycling temperature and the temperature at which the enzyme 
substrate tor a nematode isolate displayed its lowest ~ value. 
6.5. DISCUSSION 
This study has shown that the maximum specific activities of two metabolic 
enzymes in four isolates of entomopathogenic nematodes were altered in an adaptive 
fashion by the temperature regimes at which recycling was carried out. The enzymes of 
nematodes that had been recycled at colder temperatures permitted more rapid substrate 
catalysis at all assay temperatures than those that had been recycled at warmer 
temperatures. This compensatory response to the otherwise decelerating effect of declining 
temperature was displayed by all nematode isolates, regardless of their sites of origin, over 
the temperature ranges where recycling was possible. In the case of the boreally adapted 
Umea and NF strains of S. feltiae. first isolated from northern Sweden (Pye and Pye, 
1985) and Newfoundland, Canada (Jagdale et al., 1996) respectively, recycling was carried 
out over the range 10-25 °C. The warm temperate S. carpocapsae All strain, first isolated 
from Georgia, U.S.A. (Poinar, 1979), was recycled at 15-25 °C, while the subtropical S. 
riobravis TX strain. from southern Texas, U.S.A. (Cabanillas eta/., 1994), was recycled 
at 20- 25 °C. 
The effect of recycling temperature on the apparent Michaelis-Menten constant 
(Km) values varied according to the nematode strain and enzyme assayed. There were 
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three instances in \Vhich enzyme substrates had lowest ~ values that appeared to be 
adaptively correlated with recycling temperatures. such that the lowest ~ values (i.e. 
highest enzyme - substrate affinities) occurred in the nematodes that had been recycled 
at the colder temperatures. However. in contrast to what has been found to be the case for 
enzyme systems subjected to acclimation in many teleosts (Baldwin, 1971; Baldwin and 
Hochachka~ 1970; Ozemyuk et al .. 1994). the assay temperatures at which the~ values 
were lowest did not correspond with the recycling temperatures. The current findings are 
similar to those of Vetter (1995), who showed that the size of the ~ value for acetyl-
coenzyme A and oxaloacetate. the substrates of citrate synthase, were changed adaptively 
by acclimation temperatures in crustacea, although the temperatures at which the lowest 
~ value occurred were not affected. In the present study, glucose-6-phosphate 
dehydrogenase in cold adapted S. feltiae NF strain would be expected to operate no more 
efficiently at temperatures s l5°C than in warm adapted nematodes, because the lowest 
~ value occurred at 25 °C. For the same reason, the efficiency of this enzyme system 
was more efficient in S. carpocapsae All strain that had been recycled at 15 and 20 oc 
than in those recycled at 25 °C, but the difference between these groups became 
progressively less as the assay temperature decreased from 25 °C. Only in the case of the 
hexokinase substrate for S. riobravis TX strain did it appear that the enzyme was 
adaptively altered to allow substantially improved efficiency in nematodes that had been 
recycled at the lower temperature (20 cf. 25 °C). 
Thus, it would appear that, for the most part, the adaptive changes in enzyme-
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specific activities resulting from recycling at colder temperatures are not the result of 
conformational changes in the enzymes that would bring about alterations in enzyme -
substrate affinities. It may be that changes in enzyme concentration, a strategy that is best 
suited for long- term temperature adaptation (Hochachka and Somera, 1984 ), were induced 
by the temperatures at which the nematodes were recycled. lndeed, since the nematodes 
were propagated. rather than simply acclimated, changes in enzyme- specific activities, 
possibly involving concentration effects, could be of genetic rather than purely 
environmental origin and the result of artificial selection. 
Whether the ~- assay temperature curves are indicative of different isozymes 
synthesized at the various recycling temperatures or to allosteric modulators causing 
conformational changes in the enzyme (Stryer, 1988) is not known. At least in the case 
of hexokinase inS. riobravis TX strain, the two curves determined from assays of the 
nematodes recycled at 20 and 25°C are sufficiently distinct to suggest that the first 
possibility (i. e. synthesis of new isozymes) may be the case. [n a previous study, we have 
shown that isozymes of other enzymes were synthesized at cold temperatures in the NF 
and U mea strains of S. feltiae, while S. carpocapsae All synthesized both cold and warm 
adapted isozymes in response to recycling temperature (see Chapter 5). 
The capacity of these nematodes to compensate for long term changes in 
environmental temperature through alterations in enzyme specific activities and synthesis 
ofisozymes is augmented by adaptive changes in the degree ofunsaturation of fatty acids 
in phospholipids and storage lipids (see Chapter 7). Physiological adjustments to recycling 
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temperatures are accompanied by adaptive changes in the ability of the nematodes to 
survive at temperature extremes (see Chapter 3). A full understanding of the abilities of 
entomopathogenic nematodes to adapt to varying recycling regimes and the underlying 
physiological mechanisms involved should prove helpful in their commercial mass 
production for pest management. 
Fig. 3. Effect of different recycling temperatures <Rn on the maximum specific activities 
(A) and ~ values (B) for substrates of glucose-6-phosphate dehydrogenase and 
hexokinase extracted from Steinernemafeltiae Umea strain at various assay temperatures. 
Each point represents the mean ± SE of three replicates. 
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Table 1. Maximum specific activity of glucose-6 phosphate dehydrogenase extracted from 
infective juveniles of en tome pathogenic nematodes maintained at various temperatures. 
Maintenance Temperature (°C) 
Assay temperature lO 15 20 25 
5 
15 
25 
35 
5 
15 
25 
35 
5 
15 
25 
35 
5 
15 
25 
35 
(uC) 
Steinenzemafeltiae Umea strain 
73.5 ± 0.301A 67.3 ± 0.2"8 
83 .2 ± 1.7bA 73 .6 ± 1.2bB 
lQ l. 7 ± 1. 7cA 8 8 . 9 ± 0. 5cB 
118.8± l.ld.-\ 101.2± l.ldB 
66.8 ± 0.6ac 
72.7 ± 0 _9bC 
79.6 ± 1_3cC 
95.7 ± 0.JdC 
Steinenzema feltiae NF strain 
63.2 ± 0. 13 .-\ 
66.0 ± 0.1b.-\ 
67.2 ± O.JcA 
76.7 ± 0.2dA 
60_ 9 ± 0.6a..o\ 
63 .0 ± 0 . 1M 
66.2 ± O.JCA 
74.3 ± 0 .5dA 
37.6 ± 0_438 
57.7 ± 0.1bB 
61.5 ± 0_9cB 
69.9 ± o _8dB 
63 .5 ± l.1 ill 
67.5 ± 0.3.10 
68.9 ± 1.1bD 
82.2 ± 0 _1cD 
Steinemema carpocapsae All strain 
46.6 ± 0_3a..o\ 
61.4 ± 0.2b.o\ 
72.J ± 0.5cA 
79. 1 ± o.8dA 
45.7 ± o.oaa 
57.9 ± 0 _2bB 
68. 1 ± 0 .2cB 
76. 1 ± 2.0dB 
40_4 ± 0.5ac 
42.1 ± 0.1bC 
58.2 ± 0.5cC 
64.0 ± 0.6dC 
Steinemema riobravis TX strain 
50.6 ± 2.4aA 
58.3 ± 0 _6bA 
72.8 ± 0 .5cA 
87.1 ± 0_6dA 
55.6 ± 2_2aB 
56.7 ± 0.9aB 
65.o ± o.8b8 
80.4 ± 0 .7cB 
Values are expressed as specific activity (units/mg protein) and are the means± SE of three 
replicates. Means with the same upper case letter (across the columns) and means with the 
same lowercase letter (down the single column) are not significantly different (P > 0.05) by 
Student- Newman- Keuls test. 
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Table 2. Km values for glucose-6 phosphate dehydrogenase from infective juveniles of 
entomopathogenic nematodes maintained at various temperatures. 
Assay temperature 10 
5 
15 
25 
35 
5 
15 
25 
35 
5 
15 
25 
35 
5 
15 
25 
35 
("C) 
19.3 ± 0.5":\ 
16.3 ± 0.6abA 
14.6 ± 1.6bA 
23 .2 ± 0.6cA 
11.9 ± 0.2aA 
11.6 ± O.lM 
w.o ± o .or.:A 
13.5 ± Q_4dA 
Maintenance Temperature CCC) 
15 20 25 
Steinen1ema feltiae Umea strain 
14.4 ± o .5:aa IS. 9 ± 1.3"-"' 26.6 ± l.5ac 
13. I ± 1.2"·"' 15.2± l.3aA 22.6 ± 0.7bB 
18. 1 ± 0.6M 17.0 ± 0.8aA 16.5 ± 0.2cA 
19.2 ± 0.2bB 17.4 ± 0.7"c 22.2 ± 0.5bdA 
Steinemema feltiae NF strain 
13.7 ± 0 .4:aa 
12.0 ± 0 .2bA 
10.1 ± 0.5'.-\. 
14.7 ± 0.6.td..-\ 
14.5 ± 0.6:aa 
11.4 ± O. lbA 
12.7 ± 0.9bB 
18.0 ± l.9acA -
Steinemema carpocapsae All strain 
14.1 ± 0 .6aA 
11.6 ± O.lbA 
9.8 ±0.2bA 
10.9 ± l.2bA 
15.2 ± 0.3:aa 
11.3 ± 0.4bA 
10.3 ± 0.2cbA 
12.8 ± 0.8bdA 
16.0 ± 0.1:aa 
14.5 ± o.oaa 
17.3 ± o.5:aa 
17.6 ± 0.9:aa 
Steinemema riobravis TX strain 
24.9 ± l.9aA 
19.1 ± 0.9bA 
20.8 ± 0.2abA 
21.1 ± 0.6abA 
37.1 ± 2.JOIA 
22.6 ± 0.9bA 
18.4 ± 0.9bA 
18.8 ± 0.2bB 
Values are expressed as Mmoles of the substrate and are the means± SE of three replicates. 
Means with the same upper case letter (across the columns) and means with the same 
lowercase letter (down the single column) are not significantly different (P > 0.05) by Student-
Newman- Keuls test. 
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Table 3 \;taximum specific activity of hexokinase extracted from infective juveniles of 
entomopathogenic nematodes maintained at various temperatures. 
Assay temperature 1 0 
5 
15 
25 
35 
5 
15 
25 
35 
5 
15 
25 
35 
(oC} 
51.6 ± o.5~A 
63 .0 ± 0. 7b.\ 
67.6 ± 0.6eA 
69.5 ± l.Od.-\ 
l'vlaintenance Temperature ec) 
15 20 25 
Steinernemafeltiae Umea strain 
47.8 ± 0.4"8 44.5 ± 0 . 7"c 35 .6 ± 0.4aD 
48.7 ± 0 .6"8 47.9 ± 0.3bC 38.6 ± 0 .3bD 
61 .5 ± 0.4b8 60.5 ± 0.3eC 42.3 ±0.2c:D 
65 .0 ± 0 .~8 64.5 ± Q.JdC 46.4 ± 0.3dD 
Steinemema carpocapsae All strain 
60.5 ± O.JaA 
63.8 ± O.JbA 
73 .7 ± o_sc:A 
80. 1 ± 0 .8dA 
59.1 ± 1.6a8 
62.3 ± 0 .Jb8 
64.7 ± l.Ob8 
73.3 ± 0. 1e8 
30.0 ± 0 .3"c 
36.5 ± 0.1bC 
39.3 ± 0.2c:C 
44.1 ± o .odc 
Steinemema riobravis TX strain 
39.3 ± 0.3aA 
52.8 ± 0.2bA 
57.9 ± 0 .8eA 
77. 1 ± 0.8dA 
34.2 ± 0 .538 
48 .2 ± 0.1b8 
52.0 ± 0.4e8 
69 .7 ± 0 .7dB 
Values are expressed as specific activity ( units/mg protein) and are the means± SE of three 
replicates. Means with the same upper case letter (across the columns) and means with the 
same lowercase letter (down the single column) are not significantly different (P > 0.05) by 
Student- Newman- Keuls test. 
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Table 4. Km values for hexokinase from infective juveniles of entomopathogenic nematodes 
maintained at various temperatures. 
Assav temperature I 0 
5 
IS 
25 
35 
5 
15 
25 
3S 
5 
IS 
2S 
35 
(''C) 
0 .037 ± O"A 
0.040 ± O"A 
0 .039 ± 0"-"'-
0.037 ± oaA 
Maintenance Temperature (°C) 
IS 20 25 
Steinernema feltiae Umea strain 
0.038± 0"-"'- o.062 ± ooaB 0 .050 ± O"c 
0 .021 ± oba o.o49 ± obA 0.043 ± OOlA 
0.046 ± 0'8 0.059 ± occ 0.021 ± obo 
0.045 ± OcB 0.058 ± obcc o.o3o ± obo 
Steinemema carpocapsae All strain 
0.035 ± oa:\ 
o .o11 ± obA 
0.024 ± QcA 
0.023 ± ocA 
0.060 ± OUl 
o.o44 ± oba 
o.042 ± obs 
o.o41 ± oba 
0.039 ± o ... c 
o .026 ± obC 
o.o3o ± obC 
o.026 ± obA 
Steinemema riohravis TX strain 
0.036 ± 0".-\. 
o.o3o ± obA 
0.044 ± ocA 
o.o8o ± od."'-
0. 113 ± OUl 
0.110 ± 038 
o.o73 ± oba 
0.100 ± OUl 
Values are expressed as Mmoles of the substrate and are the means ± SE of three replicates. 
Means with the same upper case letter (across the columns) and means with the same 
lowercase letter (down the single column) are not significantly different (P > 0.05) by 
Student- Newman- Keuls test. 
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EFFECT OF TEMPERATURE ON THE COMPOSITION OF FATTY ACIDS IN 
TOTAL LIPIDS AND PHOSPHOLIPIDS OF 
ENTOMOPATHOGENIC NEMATODES 
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7.1. ABSTRACT 
Gas liquid chromatography was used to determine the composition of fatty acids 
in total lipids and phospholipids of the entomopathogenic nematodes, Steinernema foltiae 
U mea strain. S. carpocapsae All strain. S. riobravis TX strain and S. foltiae NF strain that 
had been recycled or stored at 5. 10. 15. 20 and 25°C. In all nematode isolates, the 
unsaturation indices of total lipids and phospholipids increased as recycling or storage 
temperatures decreased. This was due to an increase in polyunsaturated fatty acids with 
a concomitant decline in the proportion of saturated fatty acids, especially palmitic ( 16:0) 
and/or stearic (18:0) acids. The increase in polyunsaturated fatty acids at reduced 
temperatures was attributable to significantly greater percentages of linoleic acid (18:2) 
in total lipids and phospholipids. In all except S. riobravis, this was augmented by 
increased proportions of eicosapenic acid (20:5w3) at 5°C. 
7.2. INTRODUCTION 
Entomopathogenic nematodes (f. Steinernematidae and Heterorhabditidae) are 
being commercially produced for use in insect pest management (Smart, 1995). The soil 
dwelling infective juveniles of these nematodes infect susceptible insect species via the 
host's natural openings, then kill the host by releasing a mutualistic bacterium; nematode 
development and reproduction then occur within the host cadaver (Poinar, 1990) Among 
a plethora of factors known to influence the life cycle and field efficacy of these 
nematodes (Kaya, 1990), temperature affects their reproduction, development, dispersal 
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and infectivity (Kaya. 1977; Grewal et al.. 1994: Mason and Hominick. 1995: Griffin. 
1993. 1996: Steiner. 1996). 
Little is known about the physiological mechanisms involved in temperature 
adaptation of the nematodes. Many poikilothermic animals adapt to changing 
environmental temperatures by modifying the degree ofunsaturation of their lipids. At low 
ambient temperatures. the proportion of unsaturated: saturated fatty acids increases in 
phospholipids to lower the transition temperature and thereby maintain cell membrane 
fluidity and normal cellular functions (Hazel. 1995; Hazel and Prosser. 1974; Hazel and 
Williams. 1990; Sinensky, 1974). The degree ofunsaturation oftriacylglycerols was found 
to be greater in the boreally- adapted mermithid nematode, Neomesomermis jlumenalis, 
than in the tropical mermithid, Romanomermis culicivorax, a feature of adaptive 
significance in permitting maintenance of physiological state and accessibility of storage 
reserves to enzymes at cold temperatures (Gordon eta!., 1979). It has also been suggested 
that the synthesis of unsaturated fatty acids in the plant parasitic nematode, Globodera 
roscochiensis. may constitute a low-temperature adaptation mechanism (Gibson et a/., 
1995). In the entomopathogenic nematode, Steinernema carpocapsae, decreasing the 
growth temperature from 25 to 18°C caused an increase in the unsaturation of fatty acids 
in the phospholipids, which in tum caused an increase in the membrane fluidity (Fodor 
et a!.. 1994 ). 
The commercialization of entomopathogenic nematodes involves continual 
recycling. so it is important to determine the degree to which their capacities for 
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temperature tolerance and underlying physiological mechanisms are affected by the 
recycling temperature regimes. It has been observed that the thermal tolerance ranges of 
four strains of Steinernema were modified by the temperature at which they were 
recycled (see Chapter 3) and that physiological manifestations of the changes in tolerance 
included changes in the synthesis of isozymes of several metabolic enzymes (see Chapter 
5). The purpose of the present investigation was to determine whether there was a change 
in the composition of fatty acids in total lipids and phospholipids of these same isolates 
of Steinernema, which had been recycled or stored in the laboratory for prolonged 
periods of time at various temperature regimes. 
7.3. MATERIALS AND METHODS 
7.3.1. Sources of nematodes 
Steinernema carpocapsae All strain was provided by Plant Products Ltd.~ 
Brampton. Ontario. Canada; S. riobravis TX strain by Dr. H. E. Cabanillas, USDA. ARS. 
Crop (nsects Research Unit~ Weslaco. TX .. U.S.A. Steinernemafeltiae Umea strain was 
provided by Dr. R. Wes~ Canadian Forest Service, St. John's~ NF, Canada from a stock 
colony that had been obtained initially from Biologic Biocontrol Products, Willow Hill, 
PA., U.S.A. Steinernemafeltiae NF strain is a new strain (Jagdale et al., 1996) that we 
isolated in Summer 1994 from soil on a farm site close to St. John's~ NF, Canada, using 
Galleria bait traps (Woodring and Kaya, 1988). 
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7.3.2. Recycling/storage temperature regimes 
All nematode strains were recycled for two years (May. 1994 - May, 1996) by 
propagation through Galleria me/lonella larvae (Woodring and Kaya, 1988; see Appendix 
I): NF and Umea strains of S. ftltiae at 10. 15. 20 and 25 °C; S. carpocapsae All strain 
at 15. 20 and 25 "C and S. riobravis TX strain at 20 and 25 oc. Infective juveniles of 
these nematodes were collected from their lowest recycling temperature regimes (S. feltiae 
from 1 0 "C. S. carpocapsae from 15 "C. S. riobravis from 20 °C) and stored in tissue 
culture bottles (600 ml) for three weeks at temperatures where recycling of isolates was 
not possible (S. foltiae at 5 °C, S. carpocapsae at 5 and 10 °C, S. riobravis at 5. 10 and 
15 °C). 
7.3.3. Extraction of lipids 
Freshly emerged (0- 48 hour old) infective juveniles of each of the four isolates 
were transferred from the dilute formalin in the White traps (Woodring and Kaya, 1988) 
to separate 250 ml beakers containing distilled water, rinsed twice with distilled water 
(Gordon et al. 1996), then allowed to settle (ca. 10 min). Using a Gilson1R> pipetman, 
infective juveniles were transferred from the bottom of the beakers to Whannan no. 4 
filter papers, so that they formed confmed blobs on the papers. Three different samples 
of each isolate that had been recycling or stored at the specified temperature regimes 
(each sample 50 and 100 mg wet weight for total lipid and phospholipid analysis, 
respectively) were transferred into separate polypropylene microcentrifuge tubes (1.5 ml), 
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then frozen ( -20 °C) overnight. The samples were then freeze- dried for 24 hours in a 
Labconco(RI freeze dry system. Lypho-lock 6 (Labconco Corp .• Kansas City, MO. USA) 
and stored at -20 "C until used for analysis of fatty acids. Each tube was considered as a 
separate replicate (n= 3). 
7.2.3.1. Analysis of total lipid fatty acids 
Lipid fatty acid composition was determined using gas liquid chromatography 
(GLC). Lipids were extracted from infective juveniles using the method described by 
Bligh and Dyer ( 1959), with some modifications. Freeze- dried samples were 
homogenized in 200 J.Ll methanol containing a few crystals of hydroquinone (antioxidant 
agent) in a Potter-Elvehjem tissue grinder with a motor-driven pestle. Each homogenate 
was then transferred into a separate polypropylene microcentrifuge tube (1.5 ml), then 250 
J.Ll distilled water. 250 J.Ll chloroform and 550 J.Ll methanol added; samples were vortexed 
and incubated at 4 oc for one hour. The homogenate was centrifuged at 13,150 RPM for 
2 minutes at room temperature (25 °C), supernatant was transferred to further 
microcentrifuge tubes, then 300 J.Ll distilled water and 300 J.Ll of chloroform were added. 
Samples were vortexed and incubated at room temperature (25 °C) for 30 minutes. 
Following centrifugation (13,150 RPM; 2 minutes; 25 °C), the lower lipid-
containing layer was transferred into separate 6.0 ml transmethylation vials. Solvents in 
each vial were evaporated under a stream of nitrogen, then 2.0 ml transmethylating 
reagent (94.0 ml methanol, 6.0 ml sulfuric acid) and a few crystals of hydroquinone were 
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added. Vials were incubated for 5 hours at 70 oc. 1.0 ml distilled water and 1.5 ml 
hexane added. then shaken and allowed to stand for 1 0 minutes to form two separate 
layers. The upper lipid layers (hexane extract) containing the fatty acid- methyl esters 
(FAMEs) were transferred into small screw cap vials ( 1.0 ml capacity). then blown dry 
with nitrogen. Extracted FAMEs were dissolved in 20 JJ.l carbon disulphide and 0.5 JJ.l of 
the solution injected into the GLC apparatus, a Hewlett Packard 5890 series II gas liquid 
chromatograph equipped with a flame ionization detector. The column used was a 30m 
Supelcowax l 0 I 0.53 mm (Supelco. Supelco Park. Bellefonte, PA. USA). The inert carrier 
gas was helium with a flow rate of 3.27 mVmin. The oven, injector and detector 
temperatures were set at 180, 225 and 225 °C. respectively. Commercial standards of 
FAMEs. obtained from Supelco and Sigma Chemical Co. (St. Louis, MO. USA), were 
run under identical conditions and the chromatograms evaluated with reference to the 
retention times of the standards. 
7.3.3.2. Analysis of phospholipid fatty acid composition 
The procedure used for the extraction. transmethylation and subsequent analysis 
of phospholipids was the same as that used for total lipids, except that thin- layer 
chromatography (TLC) was first used to separate phospholipids from the 100 mg wet 
weight infective juvenile samples. 
Following freeze-drying and chloroform: methanol extraction, the lipid extracts 
were transferred into screw cap vials (ca. 1 ml), blown dry under nitrogen, then re-
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dissolved in 50 !,11 chloroform : methanol (2 : l v I v). Each sample (25 !,11) was applied 
on silica-gel plates. the sample spots allowed to dry at room temperature (25 °C) for 1-2 
minutes. then plates were transferred into the developing tank containing the solvent 
mixture (mobile phase) hexane/ diethyl ether/ acetic acid (85: 15: 2 v/ vi v). The TLC 
plateS \Vere developed for 30 minutes then dried at rOOm temperature (25 °C) for 1-2 
minutes. 
Phospholipid spots were visualized by placing the TLC plates for a few seconds 
in a separate developing tank containing a few crystals of iodine. The phospholipid spots 
outlined on the TLC plates were scraped off into separate transmethylation vials. 
7.3.4. Statistical analysis 
All fatty acids were expressed as mole % of the total lipid and phospholipid 
fractions. Unsaturation indices. which are a measure of the degree of unsaturation in 
terms of the number of double bonds/mole. were computed (Sumner and Morgan. 1969). 
Mole percentage data (arcsine transformed) and unsaturation indices were analysed using 
one-way ANOVA, Student- Newman- Keuls test (Jandel CorpCRJ. Sigma Stat. 1992). The 
level of significance was defined as P< 0.05. 
7.4. RESULTS 
The recycling or storage temperature regimes influenced the fatty acid composition 
of lipids in all the entomopathogenic nematodes (Tables 1-8). In both total lipids and 
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phospholipids. there was a general decline in the content of saturated fatty acids and in 
some isolates. monounsaturated fatty acids, together with an increase in polyunsaturated 
fatty acids at reduced temperatures. The unsaturation indices of the four isolates were the 
same at comparable temperatures. but in each isolate the indices increased with decrease 
in recycling or storage temperature (Tables 1-8). 
The increased unsaturation of fatty acids at low temperatures in total lipids or 
phospholipids was at the expense of palmitic ( 16:0) and/or stearic ( 18:0) acids, the two 
most abundant fatty acids (Tables 1-8). The effect of decreased recycling temperature on 
the proportion of monounsaturated fatty acids in lipid moieties was less consistent. At the 
5 oc storage temperature. there was a marked decrease in the percentage of monosaturated 
fatty acid(s) in the phospholipids of all isolates except S. foltiae NF strain~ this being the 
only isolate that displayed a reduction of monounsaturated fatty acids in the total lipid 
fraction (Table 1 ). Such decreases in monounsaturated fatty acids appeared to be 
attributable to a significant decrease in oleic acid ( 18: 1) in the phospholipid fractions of 
three of the four isolates and to decreases in palmitoleic (16: 1) and eicosenoic (20: 1) acids 
in the total lipids of S. feltiae NF strain (Table l ). 
The increase in polyunsaturated fatty acids at reduced temperatures was attributable 
to significantly greater percentages of linoleic acid ( 18:2) in total lipids and phospholipids 
of all isolates (Tables 1-8). In all except S. riobravis, this was augmented by significantly 
increased proportions of eicosapenic acid (20:5w3) at 5 oc (Tables 4, 8). InS. riobravis 
stored at 5 °C, arachidonic acid (20:4 ), rather than eicosapenic aci~ was elevated in the 
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phospholipid moiety. lnS.feltiae Umea strain. arachidonic acid (C20:4) actually decreased 
as a proportion of the phospholipids at temperatures S 15 oc (Table 7). 
In the two strains of S. feltiae. the temperatures below which significant increases 
in polyunsaturated fatty acids (Tables l. 3. 5. 7) occurred were 15 oc for phospholipids 
(increased 18:2) and 10 oc for total lipids (increased 18:2 and 20:5). At temperatures S 
20 oc. S. carpocapsae All strain had increased polyunsaturated fatty acids in both 
phospholipid (increased 18:2) and total lipid (increased 18:2 and 20:5) fractions (Tables 
2. 6). Steinernema riobravis TX strain showed significantly increased proportions of 
polyunsaturated fatty acids in total lipids at temperatures S 20 oc (Table 4). Such 
increases were not significant in the phospholipid moiety (Table 8), however, until a 
recycling temperature of 10 oc had been reached (increased 18:2 and 20:5). 
7.5. DISCUSSION 
This study has shown that the composition of saturated and unsaturated fatty acids 
in the lipids of entomopathogenic nematodes was influenced by recycling and storage 
temperatures. Recycling at warmer temperatures increased the proportions of saturated 
fatty acids relative to unsaturated fatty acids in all four isolates of Steinernema. 
Conversely, when nematodes were recycled or stored at colder temperatures, the 
proportion of unsaturated fatty acids in their lipids were increased, resulting in increases 
in unsaturation indices. 
A detailed analysis of the data revealed that the increased production of 
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polyunsaturated fatty acids at low temperatures was due to linoleic acid (18:2) and 
eicosapenic acid (20:5w3) or, ins. riobravis phospholipids (5 °C). arachidonic acid (20:4). 
In a related study. embodying only two warmer recycling temperatures (18 and 25 °C), 
Fodor et al. ( 1994) also reported that nematodes recycled for an unspecified time at 18 oc 
contained a higher proportion of eicosapenic acid (20:5w3) in their phospholipids. In other 
respects. particularly with regard to the proportions of palmitic acid (16:0), stearic acid 
(18:0). oleic acid (18:1) and linoleic acid (18:2), the present data are closer to those 
reported by Selvan et a/. (l993a) for several steinemematids rather than the generally 
lower values reported by Fodor eta/. (1994) for S. carpocapsae Mexican strain. 
Adaptation to environmental temperatures by shifting the proportions of saturated: 
unsaturated fatty acids is a widespread phenomenon in poikilothenns. High levels of 
unsaturated fatty acids in phospholipids increase the membrane fluidity to maintain normal 
cellular functions at low environmental temperatures (Hazel, 1995; Hazel and Williams, 
1990: Hazel and Prosser, 1974). The cyst stages of the plant parasitic nematode, G. 
rostochiensis were found to contain high levels of polyunsaturated fatty acids in their 
lipids. principally triacylglycerols and phospholipids, as an overwintering adaptation 
(Gibson et a/., 1995). Among insect parasitic nematodes, the proportion of unsaturated 
fatty acids in the phospholipids of S. carpocapsae was greater when nematodes were 
reared at 18 oc than when reared at 25 oc and this was accompanied by a less ordered 
arrangement of phospholipids within the cell membranes at the lower temperatures (Fodor 
eta/.. 1994). Thus, in the present study, the changes in unsaturation of phospholipids in 
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\Vhole nematode extracts resulting from different rearing or storage temperatures are 
probably adaptive in helping preserve membrane integrity over a wide range of 
temperatures. from 25 to 5 °C. 
[n ail four nematode isolates. there was a temperature- induced shift in the 
unsaturation indices of total lipids that parallelled those of the phospholipids. [t was 
determined via TLC that in addition to phospholipids~ these nematodes contain substantial 
amounts of free fatty acids and triacylglycerols. with lesser quantities of diacylglycerols 
and monoacylglycerols (Jagdale and Gordon. unpublished research). This is because the 
infective juveniles of entomopaLi.ogenic nematodes contain similar high levels of lipids 
to those found in free-living nematodes and utilize them as an energy substrate (Selvan 
et a!. . 1993a). Gordon et a/. ( 1979) reported that the unsaturation index of stored 
triacylglycerols was greater in a boreally adapted mermithid nematode, Nflumenalis, than 
in the tropical mermithid, R. culicivorax. and sugge~1ed that such differences in 
unsaturation were necessary to maintain fluidity within the nematode's storage organ and 
permit accessibility of enzymes to lipid energy reserves at the temperatures prevailing 
within the respective habitats of the nematodes. [t is possible that the four isolates of 
Steinernema in the present study adjusted the physical state of their storage nutriment to 
permit energy metabolism to occur over a broad range of environmental temperatures. A 
shift toward unsaturation would be adaptive in permitting enzyme accessibility to storage 
lipid at cold temperatures. However, nematodes held at a constant warm temperature (25 
°C) were also found to increase their total lipid unsaturation as the storage time increased; 
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in this instance. time-related production of unsaturated fatty acids was regarded as 
detrimental. because unsaturated fatty acids contain a lower potential energy than saturated 
ones (Selvan et a/ .. 1993b). 
The four nematode isolates examined in this study originated from habitats with 
diverse climates. The two strains of S. feltiae are boreal. S. riobravis is subtropical. while 
the All strain of S. carpocapsae. extensively subcultured. has a warm temperate origin 
(Poinar. 1979). Despite such differences in origin~ these nematodes possessed similar 
degrees of unsaturation in their total lipids and phospholipids. These findings appear at 
variance with those of Selvan et a/. ( 1993a)~ who reported that a tropical species. 
Steinernema scapterisci. contained a higher proportion of saturated fatty acids within its 
total lipids than several other entomopathogenic nematodes reared at the same 
temperature. Their data do not seem to support such a conclusion. however. as the 
proportion of saturated fatty acids in S. scapterisci was only marginally higher than some 
of the other species and a temperate strain of S. feltiae contained the highest proportion 
of polyunsaturated fatty acids. According to the present study. the temperatures below 
which significant elevations in polyunsaturated fatty acids occurred may be species-. but 
probably not habitat-. related. Thus. the temperature at or below which synthesis of 
polyunsaturated fatty acids is induced is higher in the total lipids (20 cf. l 0 °C). but lower 
in the phospholipid fraction ( 10 cf. 15 °C) of the subtropical S. riobravis. compared to 
the two boreal strains of S. feltiae. 
Many of the shifts in lipid unsaturation reported in this study were purely 
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environmentally induced. This applies to 5 oc determinations in all isolates. since no 
recycling was carried out at this temperature. Also. in S. carpocapsae at 10 oc and S. 
riohravis at 10 and 15°C. recycling was not possible. At other temperatures. however. it 
is possible that some artificial selection may have occurred, resulting in genetically altered 
synthetic capacities for fatty acids adaptive to the rearing temperatures. Given the above 
mentioned similarities in unsaturation indices among the four isolates, however. such a 
genetic int1uence seems unlikely. although it cannot be entirely discounted. 
It has been observed that the upper and lower thermal tolerances of these 
entomopathogenic nematodes were influenced by the temperature at which they were 
recycled or stored. Recycling at warmer temperatures increased the upper lethal 
temperatures and decreased survival time in the frozen condition. Conversely, when 
nematodes were recycled at colder temperatures. their upper lethal temperatures were 
decreased. while their freezing survival times were lengthened (see Chapter 3). It was 
observed that the array of physiological mechanisms responsible for such temperature-
induced shifts in thermal tolerances includes modifications in the capacities to synthesize 
isozymes of certain metabolic enzymes (see Chapter 5). From the present study, it would 
appear that shifts in the degree of unsaturation of lipids are also critical in enabling these 
nematodes to survive and reproduce at varying environmental temperatures. However, 
since the capacity for altering the unsaturation index appeared to be the same for all the 
isolates. differences in thermal tolerances among species are not explicable from the 
standpoint of lipid unsaturation. 
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These findings. that the lipid composition and the thermal tolerances of these 
nematodes changed adaptively with respect to recycling and storage temperatures suggest 
a degree of physiological plasticity that could be useful with respect to their 
commercialization. Thus. for a given species. rearing protocols can be designed to embody 
different temperatures in order to generate nematodes with the thermal tolerances and 
associated physiology appropriate to the biotopes into which they would be introduced. 
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Table 1. Effect of maintenance and storage temperature on the composition of 
fatty acids in total lipid of NF strain of 5. feltiae. 
Fattv acids Maintenance I Storage Temperature oc 
25 20 15 10 5 
14:0 1.0 ± 0.4t 3.2 ± 1.0 1.3 ± 0.4 2.0 ± 0.3 1.2 ± 0.2 
14:1 1.7 ± 0.6 7.5 ± 6.2 4.5 ± 1.3 0.2 ± 0.2 
16:0 23.8 ±1.r 26.7 ± 3.r 22.2 ± 1.8ab 20.0 ± 2.rb 15.6 ± 0.~ 
16:1w7 5.2 ± 1.4· 6.8 ± 1.9a 1.0 ± o.5b 3.1 ± 0.9ab 0.9 ± 0.1b 
18:0 23.7 ±2.~ 11.4 ± 3.4b 22.9 ± o.sa 11.9 ± 1.2b 12.5 ± 0.4 
18:1w9 22.2 ±0.8a 22.6 ± 5.201 21.1 ± o.sa 18.9 ± 2.~ 20.4 ± 1 
18:2w6 16.0 ±2.~ 17.2 ± 3.4a 16.2 ±0.'? 29.0 ± 1.4b 28.1 ±( 
18:3w6 0.1 ± 0.1 0.5 ± 0.0 0.4 ± 0.~ 
18:3w3 0.5 ± 0.3 
18:4w3 0.1 ± 0.1 
20:0 0.4 ±0.2 0.4 ± 0.3 0.5 ± 0.1 
20:1w9 5.2 ± 2.3· 1.0 ± 1.0b 3.9 ±0.'? 
20:3w6 
20:4w3 2.3 ± 0.1 4.4 ± 0.3 
20:4w6 3.0 ± 1.3 
20:5w3 2.6 ±0.7" 3.7 ± 1.8a 4.0 ± 1.~ 12.6 ± 1.9b 15.5 ± O.f 
22:0 0.5 ± 0.3 0.7 ± 0.2 
22:5w3 0.3 ± 0.3 0.4 ± 0.3 
22:6w3 0.3 ± 0.0 0.3 ± 0.2 
SFA1 48.5 41.3 46.8 34.8 30.5 
MUFA1 34.5 37.9 30.5 22.2 21.3 
PUFA1 18.6 21.5 24.5 44.4 48.5 
UII 0.8 ± 0.1a 0.9 ± 0.1a 1.1 ± 0.1a 1.5 ± 0.1b 1.7 ± 0.01: 
TVaiues are expressed as Mole 1ercentage and are the means ± SE of three 
replicates. Means with the same ower case letter (across the columns) are not 
s~cantly different (P > O.OS)~tudent Newman-Keuls test. 
1 A= Saturated fatty acids, A= Monounsaturated fatty acids, PUFA= 
Polyunsaturated fatty acids. UI= Unsaturation index 
Table 2. Effect of maintenance and storage temperatures on the composition of fatty acids 
total lipids of All strain of S. carpocapsae. 
Fattv acids 
14:0 
14:1 
16:0 
16:1w7 
18:0 
18:1w9 
18:2w6 
18:37:£76 
18:3w3 
18:4w3 
20:0 
20:1w9 
20:3w6 
20:4w3 
20:4w6 
20:5w3 
22:0 
22:5w3 
24:0 
22:6w3 
SFA1 
MUFA1 
PUFA1 
??.0 
26.4 
24.8 
18.3 
0.5 
., .... 
_:;, 
± 3.aa 
± 2.~ 
± 0.6a 
± 1.6a 
± 0.5 
0.3 ± 0.3 
0.8 ± o.sa 
6.8 ± 1.1a 
48.7 
24.8 
26.4 
Maintenance / Storage Temperature oc 
20 15 10 5 
1.0 ± 0.1 t 1.1 ± 0.1 1.0 ± 0.2 0.8 ± 0.1 
14.5 ± o.sb 13.6 ±0.~ 12.1 ± 1.3b 13.4 ± 1.3b 
1.0 ± 0.1 0.5 ± 0.0 0.6 ± 0.0 0.7 ± 0.0 
18.8 ± 1.2b 18.7 ± o.sb 17.3 ± 1.7b 11.2 ± 0.3c 
22.7 ± 0.4a 19.7 ± 1.1b 17.8 ± 0.4b 26.8 ± 0.4a 
24.7 ± 0.4b 25.7 ± 0.2b 30.4 ± 1.5c 29.2 ± 0.6c 
0.3 ± 0.2 0.3 ± 0.1 0.5 ± 0.0 0.7 ± 0.0 
0.3 ± 0.2 0.2 ± 0.1 0.1 ± 0.1 
1.0 ± 0.1 0.6 ± 0.2 1.5 ±0.5 0.4 ± 0.1 
2.4 ± 0.2b 3.0 ± 0.2b 3.7 ± 0.4b 0.9 ± 0.2b 
12.2 ± LOb 
1.2 ± 0.1 
36.5 
23.7 
39.9 
15.7 ± 0.4b 
0.9 ± 1.0 
34.9 
20.2 
44.9 
12.7 ± 0.6b 
2.2 ± 0.6 
34.1 
18.4 
47.3 
13.0 ± 1.1b 
0.7 ± 0.2 
0.2 ± 0.2 
26.5 
27.5 
44.1 
UI1 1.0 ± 0.1 a 1.4 + 0.1 b 1.6 ± O.Ob 1.6 ± O.Ob 1.7 ± O.Ob 
'Values are exP.ressed as Mole percentage and are the means± SE of three replicates. Mec: 
with the same lower case letter (across The columns) are not significantly different (P > 0.1 
by Student Newman-Keuls test. 
1SFA= Saturated fatty acids, MUFA= Monounsaturated fatty acids, PUFA= Polyunsatura1 
fatty acids. UI= Unsaturation index 
Table 3. Effect of maintenance and storage temperatures on the composition of fattv acid~ 
total lipids of Umea strain of S. feltiae. -
Fattv acids 
14:0 
14:1 
16:0 
16:1w7 
18:0 
18:1w9 
18:2w6 
18:3w6 
18:3w3 
18:4w3 
20:0 
20:1w9 
20:3w6 
20:4w3 
20:4w6 
20:5w3 
22:0 
??:Sw3 
24:0 
??:6w3 
SFA1 
MUFA1 
PUFA1 
25 
2.7 ± 1.4t 
1.8 ± 0.7 
28.8 ± 0.2a 
0.4 ± 0.4a 
19.4 ± 4.4a 
? ........ D . .:> ± 1.5" 
17.2 ± 1.4" 
0.2 ± 0.2 
0.1 ± 0.1 
2.6 ± 1.4 
1.2 ± 0.6 
2.4 ± 1.2a 
51.0 
30.3 
21.0 
Maintenance I Storage Temperature oc 
20 15 10 
2.6 ± 0.4 3.4 ± 0.3 1.2 ± 0.1 
8.8 ± 1.0 6.7 ± 0.4 
20.7 ± 0.1b 
8.1 ± 1.3b 
4.2 ± 0.3b 
33.2 ± l.Ob 
17.7 ± 1.4a 
1.3 ±0.7 
0.6 ± 0.3 
1.7 ± 0.2 
0.6 ± 0.1 
0.4 ± 0.1 
2.4 ± 0.3a 
0.4 ± 0.2 
27.9 
51.8 
23.0 
26.4 ± 0.6c 
8.5 ± 0.3b 
..... ? 
.:>.- ± 0.3b 
32.8 ±LOb 
15.4 ±O.r 
1.2 ± 0.2 
0.5 ± 0.3 
1.6 ± 0.2 
0.5 ± 0.1 
0.3 ± 0.1 
1.5 ± 0.1• 
0.1 ± 0.1 
35.1 
49.6 
19.4 
15.2 ± 0.6d 
0.8 ± 0.0.~ 
14.9 ± 0.6ac 
22.5 ± 0.2c 
25.1 ± 0.2b 
0.3 ± 0.1 
0.8 ± 0.1 
4.3 ± 0.2 
14.3 ± 0.4b 
0.8 ± 0.2 
32.9 
23.3 
44.0 
5 
1.6 ± 0.2 
0.6 ± 0.1 
15.1 ± o.sd 
3.8 ± 0.1c 
10.6 ± 0.~ 
20.3 ± 0.4c 
27.4 ± 0.8b 
0.6 ± 0.1 
0.1 ± 0.1 
0.3 ± 0.1 
1.0 ± 0.1 
3.8 ± 0.1 
15.2 ± 0.9b 
1.0 ± 0.1 
29.3 
24.7 
47.4 
Ul1 0.8 ± 0.1 a 1.1 ± O.Ob 1.0 ± O.Oab 1.6 ± O.oc 1.7 ± O.JC 
1Va:Iues are exP.ressed as Mole percentage and are the means± SE of three replicates. Me; 
with the same lower case letter (across fue columns) are not significantly different (P > 0. 
by Student Newman-Keuls test. 
1SFA= Saturated fatty acids, MUFA= Monounsaturated fatty acids, PUFA= Polyunsatura 
fatty acids. UI= Unsaturation index 
1: 
Table 4. Effect of maintenance and storage temperatures on the composition of fattv acids 
total lipid of TX strain of 5. riobrtrvis. • 
Fatty acids Maintenance I Storage Temperature cc 
?,.... 
-=> 20 15 10 5 
14:0 0.7 ± 0.4t 1.0 ± 0.1 1.5 ± 0.2 0.3 ± 0.3 1.2 ± 0.3 
14:1 0.6 ±0.5 
16:0 21.4 ± 2.4.1 24.0 ± 1.3.1 22.3 ± 1.0.1 17.9 ± 0.701 17.3 ± 1.9il 
16:1w7 0.8 ± 0.4 0.9 ± 0.4 0.9 ± 0.1 0.4 ± 0.3 0.7 ± 0.1 
18:0 24.5 ± 2.0 .. 14.8 ± 2.0b 14.3 ± 1.5b 19.1 ± 1.4ilb 12.4 ± 1.3bc 
18:1w9 29.4 ± 1.1.1 31.2 ± LO.l 32.1 ± L3a 29.3 ± 0.401 25.8 ± 3.3a 
18:2w6 15.3 ± 0.8.1 19.2 ±LOb 19.5 ± 0.9b 17.3 ± 0.6ab 27.5 ± 0.6c 
18:3w6 0.6 ± 0.0 0.6 ± 0.0 1.1 ± 1.1 0.7 ± 0.1 
18:3w3 0.1 ± 0.1 
18:4w3 0.1 ± 0.1 
20:0 0.3 ± 0.2 1.0 ± 0.4 0.7 ± 0.1 0.2 ± 0.2 0.9 ± 0.2 
20:1w9 0.4 ± 0.2 
20:3w6 
20:4w3 1.7 ± 0.9a 3.8 ± 0.3ab 4.0 ± 0.3ab 6.5 ± 0.4b 5.6 ±LOb 
20:4w6 0.1 ± 0.1 
20:5w3 ::>.:> ± 1.5a 4.7 ± 0.4a 5.4 ± 0.4a 8.0 ± 0.6a 8.0 ± 1.1a 
22:0 0.3 ± 0.2 0.4 ± 0.2 0.4 ± 0.0 0.6 ± 0.6 0.5 ± 0.8 
22:5w3 
24:0 
22:6"w3 0.1 ± 0.9 
SFA1 47.2 41.2 39.2 38.1 32.3 
MUFA1 31.7 32.1 33.0 29.7 26.5 
PUFA1 22.8 28.3 29.5 32.9 41.9 
UI1 1.0 ± o.r 1.1 ± o.oa 1.2 ± o.oab 1.3 ± o.obc 1.5 ± o.r 
tvalues are exP.ressed as Mole percenta~ and are the means± SE of three replicates. Meru 
with the same lower case letter (across e columns) are not significantly different (P > 0.0 
bSI Student Newman-Keuls test. 
1 FA= Saturated fatty acids, MUFA= Monounsaturated fatty acids, PUFA= PolyunsaturatE 
fatty acids. UI= Unsaturation index 
Table 5. Effect of maintenance and storage temperatures on the composition of fatty acids 
phospholipids of NF strain of 5. feltiae. 
Fattv acids Maintenance I Storage Temperature oc 
?-
-=> 20 15 10 5 
14:0 1.0 ± 0.2t 1.1 ± 0.6 1.0 ± 0.0 1.0 ± 0.1 1.0 ± 0.2 
14:1 
16:0 15.1 ± 1.2ol 16.0 ± 1.Qol 14.5 ± 0.3· 13.3 ± o.sab 11.4 ± 1.2b 
16:1w7 0.1 ± 0.0 1.2 ± 1.0 1.1 ± 0.0 0.5 ± 0.1 0.4 ± 0.2 
18:0 21.7 ± 3.? 18.0 ± 2.1b 16.2 ± l.Ob 15.7 ± 1.6b 12.0 ±0.~ 
18:1rv9 14.0 ± 0.2· 11.0 ± 0.7b 13.5 ± 0.1a 12.6 ± 0.3a 14.6 ± 0.1a 
18:2w6 24.6 ± 2.4· 27.8 ± 1.oac 34.1 ± 0.2b 31.5 ± l.Obc 31.8 ± 0.5bc 
18:3w6 0.4 ± 0.1 0.1 ± 0.1 0.2 ± 0.2 0.5 ± 0.1 0.6 ± 0.0 
18:3w3 
18:4w3 0.1 ± 0.1 3.0 ± 3.0 0.2 ± 0.1 0.1 ± 0.1 
20:0 0.5 ± 0.3 0.5 ± 0.2 0.3 ± 0.1 0.5 ± 0.0 0.6 ± 0.1 
20:4w3 5.6 ± 0.4 .. 4.0 ± 0.3b 5.0 ± o.za 5.0 ±0.1" 5.8 ± o.za 
20:5w3 13.6 ± 1.6a 16.1 ± 1.0ab 14.3 ± 1.0ab 18.2 ± 0.4b 20.4 ± 0.8bc 
22:0 0.6 ± 0.1 0.4 ± 0.2 0.4 ± 0.0 0.7 ± 0.1 
??:5w3 
24:0 0.6 ± 0.2 0.5 ± 0.2 0.1 ± 0.1 
22:6w3 0.5 ± 0.1 0.5 ± 0.3 0.3 ± 0.0 0.8 ± 0.2 
SFA1 39.5 36.5 32.0 31.0 25.7 
MUFA1 14.1 12.2 14.6 13.2 15.0 
PUFA1 44.8 51.5 53.6 55.7 59.5 
Ull 1.6 ± 0.1" 1.8 ± O.l"b 1.8 ± O.O"b 1.9 ± o.oab 2.1 ± 0.1b 
tVaiues are exP.ressed as Mole percenta~ and are the means± SE of three replicates. Mec: 
with the same lower case letter (a~oss e columns) are not significantly different (P > 0.1 
by Student Newman-Keuls test. SFA= Saturated fa~ acids, MUFA= Monounsatura1 
fatty acids, PUFA= Polyunsaturated fatty acids. UI= Unsaturation index 
Table 6. Effect of maintenance and storage temperatures on the compostion of fatty acids 
phospholipids of All strain of 5. carpocapsne. 
Fattv acids Maintenance I Storage Temperature oc 
25 20 15 10 5 
14:0 0.7 ± 0.4t 0.4 ± 0.4 0.6 ± 0.1 
14:1 
16:0 14.9 ±o.r 12.6 ± 2.2,) 13.9 ± 1.7" 16.0 ± 2.1" 10.5 ± 0.9a 
16:1w7 0.4 ± 0.4 1.9 ± 0.4 0.6 ± 0.2 
18:0 24.0 +?.-a - __ ;:, 22.5 ± 1.9.1 19.2 ± 1.rb 20.7 ± 1.2ab 15.4 ± 0.4b 
18:1w9 24.4 ± 0.4a 19.7 ± 0.6b 20.1 ± 0.6b 16.1 ±0.~ 12.8 ± 0.4d 
18:2w6 21.0 ± l.Oa 26.4 ± 0.8b 31.6 ± 0.4c 33.2 ± 1.1c 37.2 ± 0.3d 
18:3w6 0.1 ± 0.1 0.3 ± 0.1 
18:3w3 
18:4w3 
20:0 0.9 ±0.7 0.3 ± 0.1 
20:4w3 3.0 ± 0.1a 3.5 ± 0.2 .. 2.8 ± o.sa 3.2 ± 0.2 .. 4.0 ± 0.2 .. 
20:5w3 10.4 ± 0.7" 13.3 ± 1.0ab 10.4 ± 1.1a 10.1 ± 1.0" 16.0 ± 0.7' 
22:0 1.1 ± 0.4 0.2 ± 0.2 0.7 ± 0.2 
22:5w3 
24:0 0.5 ± 0.5 0.4 ± 0.4 0.2 ± 0.2 
22:6w3 0.3 ± 0.3 0.4 ± 0.4 1.0 ± 0.3 
SFA1 40.7 36.5 33.5 37.1 27.7 
MUFA1 24.8 19.7 22.0 16.1 13.4 
PUFA1 34.8 43.2 45.2 46.5 58.5 
UI1 1.3 ± o.r 1.5 ± 0.1a 1.s ± o.r 1.5 ± O.la 1.9 ± O.Ob 
'Values are expressed as Mole percentage and are the means± SE of three replicates. Mei 
with the same lower case letter (across the columns) are not significantly different (P > 0. 
by Student Ne·wman-Keuls test. 1SFA= Saturated fatty acids MUFA= Monounsaturated fa 
acids, PUFA= Polyunsaturated fatty acids. UI = Unsaturati.on index 
Table 7. Effect ~f maintenance and storage temperatures on the composition of fatty ac 
phospholipids trom Umea strain of 5. feltiae. 
Fatty acids Maintenance I Storage Temperature oc 
25 20 15 10 5 
14:0 1.1 ± 0.6t 1.2 ± 0.0 1.3 ± 0.2 1.7 ± 0.0 1.2 ± 0.0 
14:1 
16:0 17.6 ± 1.801 16.8 ± 0.3a 17.3 ± o.sa 15.9 ± 0.6ol 13.9 ± o.sa 
16:1w7 0.7 ± 0.3ol 1.0 ± o.oac 0.1 ± 0.2b 0.9 ± 0.2c 0.9 ± 0.1c 
18:0 19.8 ± o.sa 19.0 ±LOa 12.2 ± 0.6b 11.5 ± 0.2b 13.2 ± 1.3b 
18:1w9 16.9 ± 0.301 18.4 ± 1.0a 12.9 ± 0.3b 11.9 ± 0.2b 9.5 ±o.r 
18:2w6 23.1 ± o.sa 22.4 ± 0.~ 33.2 ± 0.2b 33.5 ± 0.4b 35.5 ± 0.4b 
18:3w6 0.1 ± 0.1 0.6 ± 0.1 0.5 ± 0.2 0.4 ± 0.0 
18:3w3 0.3 ± 0.3 
18:4w3 0.2 ± 0.1 0.1 ± 0.1 0.6 ± 0.3 0.2 ± 0.2 0.5 ± 0.3 
20:0 0.4 ± 0.2 0.6 ± 0.1 0.4 ± 0.0 0.4 ± 0.0 0.5 ± 0.1 
20:4w3 4.0 ± 0.3a 4.7 ± O.Ob 3.6 ± o.r 2.9 ± O.lc 2.9 ± 0.2c 
20:5w3 14.4 ± 1.0a 15.7 ± 0.5 01 14.4 ± 0.5a 19.2 ± 1.0b 20.4 ± l.Ob 
22:0 1.6 ± 1.1 0.4 ± 0.2 0.2 ± 0.1 0.2 ± 0.2 0.6 ± 0.1 
22:5ro3 
24:0 0.1 ± 0.1 0.5 ± 0.1 0.5 ± 0.3 0.4 ± 0.0 
??:6w3 0.1 ± 0.1 0.2 ± 0.1 0.5 ± 0.1 
SFA1 40.6 38.0 32.1 30.2 29.8 
MUFA1 17.6 19.4 13.0 12.8 10.4 
PUFA1 42.0 42.9 52.9 56.3 59.5 
Ull 1.5 ± o.r 1.6 ± o.oab 1.7 ± o.ob 1.9 ± o.ocd 2.0 ± O.Od 
TValues are expressed as Mole percentage and are the means± SE of three replicates. Me 
with the same lower case letter (across the columns) are not significantly different (P > 0 
by Student Newman-Keuls test. 1SFA= Saturated fatty acids, MUFA= Monounsaturated fc 
acids, PUFA= Polyunsaturated fatty acids. UI = Unsaturation index 
Table 8. Effect of maintenance and storage temperatures on the composition of fatty ac 
phospholipid of TX strain of 5. riobra·vis. 
Fattv acida 
14:0 
14:1 
16:0 
16:1w7 
18:0 
18:1w9 
18:2w6 
18:3w6 
18:3w3 
18:4w3 
20:0 
20:4w3 
20:5w3 
22:0 
J'J:5w3 
24:0 
22:6w3 
SFA1 
MUFA1 
PUFA1 
25 
1.0±0.1t 
17.0 ± 0.4a 
0.4 ± 0.0 
15.7 ± 0.4a 
31.1 ± 0.4a 
19.9 ± 0.2a 
0.6 ± 0.1 
0.5 ± 0.0 
6.3 ± 0.2a 
7.2 ± 0.1a 
0.1 ± 0.1 
0.5 ± 0.1 
0.4 ± 0.0 
34.8 
31.5 
34.4 
Maintenance/ Storage Temperature oc 
20 15 10 5 
0.7 ± 0.0 0.5 ± 0.2 0.6 ± 0.1 1.0 ± 0.1 
13.2 ± 0.7b 16.2 ± 1.2a 13.0 ± 0.6b 14.8 ± 0.7 
0.4 ± 0.0 0.7 ± 0.3 0.6 ± 0.0 0.4 ± 0.0 
19.7 ± 2.2a 15.4 ± 0.6a 15.3 ± 0.5a 17.2 ± 1.2a 
27.7 ± 2.rc 18.9 ± 0.2b 26.7 ± 0.4c 17.2 ± 0.6bd 
18.4 ± 2.4a 30.1 ± 0.9b 19.0 ± 0.3a 29.0 ± 1.0b 
0.4 ± 0.1 0.5 ±0.2 0.2 ± 0.1 0.7 ± 0.2 
0.1 ± 0.1 
1.0 ± 0.1 0.4 ± 0.2 0.7 ± 0.1 0.7 ± 0.0 
5.8 ± 0.8a 8.0 ± 0.4ab 7.7 ± 0.3ab 8.5 ± 0.4b 
10.0 ±2.r 8.6 ± 0.4a 13.6 ± o.sb 9.4 ± 0.6a 
0.7 ± 0.3 0.2 ± 0.1 0.7 ± 0.1 0.3 ± 0.0 
0.5 ± 0.2 0.5 ± 0.4 0.7 ± 0.2 0.5 ± 0.2 
1.2 ± 0.6 0.3 ± 0.1 1.0 ± 0.1 0.5 ± 0.1 
35.8 33.2 30.9 34.4 
28.1 19.5 27.3 17.6 
35.8 47.5 41.3 48.1 
UI 1 1.4 ± O.Oa 1.5 ± O.r 1.6 ± O.Oa 1.7 ± O.Oa 1.6 ± O.la 
'Values are expressed as Mole percentage and are the means± SE of thl'ee replicates. Mec 
with the same lower case letter (across the columns) are not significantly different (P > 0. 
by Student Newman-Keuls test. 1SFA= Saturated fatty acids, MUFA= Monounsatural 
fatty acids, PUFA= Polyunsaturated fatty acids. UI= Unsaturation index 
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Since new isolates of entomopathogenic nematodes are being reported with 
increasing frequency. it is important to be able to identify them. so that a world wide 
inventory of available stocks can be compiled (Akhurst, 1995). Accurate identification of 
entomopathogenic nematodes is difficult using classical morphological methods. because 
like certain categories of plant parasitic nematodes (Kaplan, 1996; Nogueira. 1996), each 
species exists as a number of geographically distinct strains (Poinar, 1990). Moreover, no 
strain-specific DNA probes have been reported for entomopathogenic nematodes 
(Hominick and Reid. 1990). 
Cellulose acetate electrophoresis proved effective in discriminating between five 
strains (All strain of Steinernema carpocapsae. L lC. NF and Umea strains of S. foltiae 
and TX strain of S. riobravis) of entomopathogenic nematodes (Jagdale et a/., 1996). 
Based on RFLP's. the newly isolated NF strain of S. foltiae was indistinguishable from 
the LlC strain isolated 14 years ago in Newfoundland (Finney-Crawley, 1985), but the 
isozyme patterns of the enzyme arginine kinase, permitted separation of these closely-
related strains. 
Cellulose acetate electrophoresis also proved useful in enabling identification of 
a strain that was first isolated from soil in Sweden (Pye and Pye, 1985) and since then 
designated as the Umea strain of S. carpocapsae. However, based on a combination of 
its restriction fragment length polymorphisms (RFLP's) and its morphometry, and isozymic 
patterns of six enzymes (Chapter 2), this strain is now considered to be a strain of S. 
foltiae (Jagdale et al., 1996; West and Vrain, 1997) and could be distinguished from the 
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other t'\VO strains of S. feltiae. NF and L IC. DNA analysis alone was insufficient to 
distinguish between these strains (Jagdale et a/.. 1996). These findings suggest that 
cellulose acetate could be an important taxonomic tool for identification of isolates of 
species of Steinernema. [ts relatively low cost and its rapidity make it a particularly 
attractive procedure. Since the isozyme patterns are temperature-sensitive. changing 
according to recycling temperature (Chapter 5)~ the temperature at which the nematodes 
are recycled should be specified in order for the technique to be of taxonomic value. 
Long-term (two years) recycling at various temperatures modified the capacities 
of the nematode strains for temperature tolerance and infectivity (Chapters 3 and 4). 
biological characteristics that are important to field efficacy. Recycling at warmer 
temperatures increased the upper lethal temperatures and decreased survival times in the 
frozen condition in all strains. Conversely. when nematodes were reared at colder 
temperatures. their upper lethal temperatures were decreased, while their freezing survival 
times were lengthened (Chapter 3 ). Recycling of these nematodes at warmer temperatures 
completely inhibited the capacity for infection at the Lower limit of each strain's 
temperature range (for infection) and at Least for the Umea strain of S. feltiae, the capacity 
for infection at warmer temperatures (20 to 25 °C) was reduced by recycling at colder 
(~ 15 °C) temperatures (Chapter 4 ). Griffin ( 1993) suggested that pest management 
programs would have the greatest chance of success if the original source of nematodes 
selected for use was from a habitat with a climate similar to the environment in which 
their use is contemplated. The present study suggests that the thermal history of the 
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candidate nematodes during industrial mass cultivation constitutes an additional factor to 
be considered in determining the most suitable isolate to be used. along with the ideal 
temperature conditions for its application. 
ln all four strains (All. NF. Umea and TX). the changes in infectivity and thermal 
tolerance resulting from recycling at various temperatures were accompanied by 
physiological changes. As the recycling temperatures decreased, there was an increase in 
specific activities of two key metabolic enzymes (Chapter 6), a shift toward unsaturated 
( cf. saturated) fatty acids (Chapter 7) and in some instances, production of additional 
isozymes of metabolic enzymes (Chapter 5). It is tempting to conclude that the 
physiological changes recorded are at least part of the mechanism that underlies the shifts 
in biological characteristics. 
The increased bias toward unsaturated fatty acids at low temperatures is consistent 
with results of studies on teleosts (Hazel. 1995; Hazel and Prosser, 1974; Hazel and 
Williams. 1990) At colder temperatures, increased unsaturation of fatty acids is adaptive. 
since, by lowering the lipid transition point. it enables maintenance of membrane integrity 
(Hazel. 1995; Hazel and Prosser. 1974; Hazel and Williams. 1990; Sinensky. 1974) and 
accessibility of enzymes to neutral lipid stores (Gordon et al.. 1979). 
The elevated specific activities of metabolic enzymes. glucose-6-phosphate 
dehydrogenase and hexokinase, also appear to be adaptive to declining temperatures, since 
they provide a compensatory mechanism for what would otherwise constitute an 
exponential deceleration of metabolic pathways (Schmidt Nielsen. 1995). Such 
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compensatory effects on enzyme activities have been observed for teleosts (Campbell and 
Davies. 1978: Hochachka and Clayton-Hochachka. 1973: Hochachka and Hayes. 1962~ 
Yamauchi eta! .. 1975) and invertebrates (Joanisse and Storey, 1994), although they have 
not been thus far reported for nematodes. In studies done on teleosts, the cold 
temperature- induced increase in enzyme activity was correlated with a shift in enzyme-
substrate affinity. such that the lowest Km value for the substrate occurred at a temperature 
corresponding to the acclimation temperature (Baldwin and Hochachka, 1970). In such 
instances. the shift in enzyme activity can be attributed to a basic change in enzyme -
substrate affinity, possibly involving a switch to production of a different isozyme 
(Baldwin and Hochachka, 1970; DiMichele eta!., 1991; Hazel and Prosser, 1974; Lin et 
al.. 1996). The steinemematids in the present study did not respond to declining 
temperatures by modulating their ~ values in so interpretive a fashion. In only three 
instances (S. feltiae NF strain and S. carpocapsae All strain: glucose-6-phosphate 
dehydrogenase; S. riobravis TX strain: hexokinase) did enzyme substrates display 
minimum ~ values that were correlated with the recycling temperatures. Thus, the 
adaptive changes in enzyme activity are explicable in terms other than changes in 1<m 
values (e.g. enhanced enzyme synthesis). The enzymes of the nematodes responded to 
temperature in a similar fashion to citrate synthase in certain crustaceans by modifying 
the magnitude of ~ values, though not necessarily the temperature at which the values 
are minimal (Vetter, 1995). 
The enzymes hexokinase and glucose-6-phosphate dehydrogenase mediate steps 
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in the first stages of glycolysis and the pentose phosphate pathway, respectively. 
Accentuated activities of these two enzymes \vould lead to increased production of 
pentoses and metabolic reducing equivalents (NADP). Promulgation of the pentose 
phosphate pathway has been shown also to occur in cold acclimated teleosts and it has 
been suggested that this may serve to increase lipid and nucleic acid biosynthesis 
(Hochachka and Somero. 1973). Whether this is indeed the end result in steinemematids 
requires investigation. Since it is generally thought that steinemematids rely on abundant 
reserves of neutral lipids for energy metabolism (Selvan et a/., 1993a), there would be 
adaptive value in channelling metabolites toward lipogenesis. 
While the data on fatty acids and enzyme activities would appear to be in keeping 
with generally accepted concepts of thermal adaptation, the isozyme distribution patterns 
at the various recycling temperatures are less clearly correlated to the changes in 
biological characteristics of the nematodes. While it was the case that additional isozymes 
of certain metabolic enzymes (mannose 6-phosphate isomerase, malate dehydrogenase, 
phosphoglucomutase) were synthesized by nematodes recycled at cold or warm 
temperatures, there were several instances in which directional trends were not obvious. 
In such instances, it may be that inadvertent genetic selection, with no adaptive benefit, 
has occurred, resulting from isolation of the separately maintained colonies. 
It is also possible that at least some of the modifications in the biological and 
physiological characteristics of the steinernematid nematodes resulting from long-term 
recycling at specified temperatures were due to changes in their genome, resulting from 
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artiticial selection. This would apply to changes in whole organism characteristics and 
physiological parameters that occurred at temperatures at which the isolate was 
propagated. rather than simply acclimated (i.e. S foltiae NF and Umea strains at l 0- 25 
oc. S carpocapsae All strain at 15- 25 oc and S riobravis at 20- 25 °C). It was similarly 
concluded that the superior capacities for infection of H. bacteriophora HP88 strain and 
S. anomali Riazan strain (Grewal et al., 1996) and for heat tolerance in H. bacteriophora 
ISS strain (Shapiro et al .• 1996) that occurred at a 30 oc recycling temperature (compared 
to lower temperatures) were genetically based. 
Environmentally induced changes in physiological characteristics, similar to what 
have been reported in teleosts (Hazel and Prosser, 1974), clearly occurred in all four 
isolates at temperatures where recycling was not possible and infective juveniles were 
stored without propagation. Temperature- specific additional isozymes of three metabolic 
enzymes were synthesized in S. feltiae NF and Umea strains stored at 5 oc. S. 
carpocapsae All strain stored at 5 and 10 oc and S. riobravis TX strain stored at 1 0 and 
IS oc (Chapter 5). Similarly, there was a shift toward unsaturation of fatty acids in 
nematodes that were stored but not recycled (S. feltiae NF and Umea strains stored at 5 
oc. S. carpocapsae All strain stored at 5 and 10 oc and S. riobravis TX strain stored at 
10 and 15 °C). The proposition that physiological changes resulting from thermal 
acclimation bring about changes in biological characteristics was suggested by Griffin 
( 1996). who found that the infectivity of Heterorhabiditis sp. at a cold (9 °C) temperature 
was enhanced by first storing the infective juveniles at the same temperature. 
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In the present study. it appears that regardless of original habitat or geographic 
location. all three species of Steinernema shared a common set of biological and 
physiological responses to recycling or storage at specified temperatures. In all four 
isolates. enzyme specific activities and proportions of unsaturated fatty acids in their lipids 
increased with decrease in temperature. Moreover. even the warm temperate S. 
carpocapsae All strain and the sub-tropical S. riobravis TX strain contained a 
preponderance of unsaturated fatty acids in their lipids and the unsaturation indices of all 
isolates was ~ 1 regardless of recycling temperature. Steinernema riobravis TX strain did 
not synthesize cold- temperature specific isozymes like the NF and Umea strains of S. 
feltiae and the All strain of S. carpocapsae. However, like the other species. it displayed 
a capacity for freezing-survival. These findings suggest that all three species of 
steinernematid nematodes, originally isolated from various geographic regions. have a 
common ancestory and that the nematodes show capacity to adapt to cold temperatures 
and freezing conditions. They give support to the suggestion, that the common ancestor 
of this family of nematodes lived first in the temperate or boreal habitats, then dispersed 
globally into other climatic zones. Steinernema carpocapsae and S. foltiae appear to have 
a global distribution and the latter species is considered to be an ancient one which was 
present before continents began breaking and drifting apart (Hominick et a/., 1996). 
The differences between the species regarding their thermal tolerance limits or 
infectivities seems to be correlated with the temperature profiles of their original habitat. 
Regardless of the temperature at which recycling was carried out, boreally adapted S. 
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feltiae is more cold tolerant and infective at colder temperatures than the warm temperate 
S. carpocapsae or sub-tropical S. riobravis. Conversely, regardless of recycling 
temperature. sub-tropical S. riohravis TX was the most heat tolerant and infective at high 
temperatures. while the warm temperate S. carpocapsae showed an intermediate degree 
of heat tolerance. From an evolutionary perspective. differences in biological 
characteristics (thermal tolerances or infectivities) of these three species of nematodes 
could be due to long-term changes in their allele frequencies resulting from the combined 
effects of genetic isolation and environmental stressors such as temperature. Such 
geographic changes in allele frequency within a population are known as clines 
(Richardson et al.. 1986). 
The present study has shown that entomopathogenic nematodes can enhance their 
cold tolerance abilities by synthesizing new isozymes, modifying the specific activities of 
metabolic enzymes and increasing the degree of fatty acid unsaturation in their lipids. 
Such physiological adjustments would be adaptive in permitting nematode survival and 
activity at cold temperatures (5 °C) above freezing. However, the abilities of 
steinernematid nematodes to withstand freezing (Brown and Gaugler, 1996). as validated 
in the present study, undoubtedly involve deployment of other strategies. Recently it has 
been demonstrated S. foltiae, S. anomali and H bacteriophora were freezing tolerant, 
withstanding extracellular ice formation (Brown and Gaugler, 1996) whereas H 
zealandica was freeze avoiding, preventing freezing by supercooling its pseudocoelomic 
fluid to -32 oc (Wharton and Surrey, 1994). Further studies should be done to investigate 
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the potential roles of cryoprotectants (antifreeze proteins; glycerol: sorbitol). such as have 
been reported for several species of cold tolerant insects (Storey and Storey. 1992). in 
conferring protection against freezing. 
In this study. wax moth (G. mellonella) larvae were used for rearing the nematodes 
in vivo. However. for commercial purposes in vitro methodologies are used (Friedman, 
1990: Popiel and Hominick. 1992). Thus. it seems important to establish the degree to 
which the whole organism and physiological effects recorded in the present in vivo study 
occur in an in vitro commercial setting. The influence of the host in conferring biological 
and physiological properties to the nematodes is indicated by the findings of Surrey 
(1996). who demonstrated that infective juveniles of H. zealandica that had been 
propagated in G. mellonella larvae were more cold tolerant than those reared in artificial 
media. 
From a commercial perspective. this study has shown that the cultivation protocol. 
especially rearing temperature, can modify biological characteristics of the nematode that 
influence field efficacy. While it would seem advantageous to select isolates based on the 
compatibility of the climate of their sites of origin with the test biotopes. the demonstrated 
ability to modify infectivity and thermal tolerances could allow greater versatility in the 
use of these nematodes and lead to enhanced field efficacy. By judicious manipulation of 
the recycling temperatures, it should be theoretically possible to generate several cultures 
of a given isolate. each with its own temperature preferences. 
Continued studies are needed to more fully assess the impact of rearing protocols 
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for steinemematids on their pest management capacities. Such studies should be extended 
to include tield trials. The importance of obtaining more complete physiological data on 
this highly promising family of insect pathogens is emphasized by the current findings. 
166 
9. REFERENCES 
167 
9. REFERENCES 
Akhurst. R. J. 1987. Use of starch gel electrophoresis in the taxonomy of the genus 
Heterorhabditis (Nematoda: Heterorhabditidae). Nematologica 33: 1-9. 
Akhurst. R. J. 1995. From then to now- a brief review of entomopathogenic nematodes 
and their symbiotic bacteria: abstracts of the Second International Symposium on 
Entomopathogenic Nematodes and their Symbiotic Bacteria. October 15-17, 1995, 
Hawaii Imin International Conference Center, The East-west center, University of 
Hawaii at Manoa Campus Honolulu. Hawaii USA. 
Akhurst. R. J. and Boemare, N. E. 1990. Biology and taxonomy of Xenorhabdus. In: 
Gaugler R. and Kaya, H. K. (Eds.) Entomopathogenic Nematodes in Biological 
ControL CRC Press. Boca Raton, FL.. pp. 75- 90. 
Amarasinghe, L. D .• Hominid(, W. M., Briscoe, B. R. and Reid. A. P. 1994. Occurrence 
and distribution of entomopathogenic nematodes in Sri Lanka. J. Helminthol. 68: 
277- 286. 
Ash. C. P. J. and Atkinson, H. J. 1986. Nematodirus battus: development of cold 
hardiness in dormant eggs. Exp.Parasitol. 62: 24-28. 
Baldwin, J. 1971. Adaptation of enzymes to temperature: acetylcholinesterase in the 
central nervous system of fishes. Comp. Biochem. Physiol. 40B: 181-187. 
Baldwin. J. and Hochachka, P.W. 1970. Functional significance ofisoenzymes in thermal 
acclimatization: acetylecholinesterase from trout brain. Biochem. J. 116: 883-887. 
168 
Bathon. H. L 996. (mpact of entomopathogenic nematodes on non-tarl!et hosts. Biocont . 
... 
Sci. Technol. 6: 421-434. 
Bedding. R .. Akhurst. R. and Kaya. H. 1993. Nematodes and the biological control of 
insect pests. CSIRO. Australia. pp. 1- 1 71. 
Bedding. R. A. and Molyneu.'<. A. S. 1982. Penetration of insect cuticle by infective 
juveniles of Heterorhabditis spp. Nematologica 28: 354-359. 
Begley. J. W. 1990. Efficacy against insects in habitats other than soiL In: Gaugler R. and 
Kaya. H. K. (Eds.) Entomopathogenic nematodes in biological controL CRC Press, 
Boca Raton. FL., pp. 215- 227. 
Blackshaw. R. P. and Newell. C. R. 1987. Studies on temperature limitations to 
Heterorhabditis heliothidis activity. Nematologica. 33: 180- 185. 
Bligh. E. G. and Dyer, W. J. 1959. A rapid method of total lipid extraction and 
purification. Can. J. Biochem. and Physiol. 37: 911-917. 
Boag, B .. Neilson. R. and Gordon. S. C. 1992. Distribution and prevalence of the 
entomopathogenic nematode Steinernema feltiae in Scotland. Ann!. Appl. Biol. 
121: 355-360. 
Boemare. N. E .. and R. J. Akhurst. 1988. Biochemical and physiological characterization 
of colony form variants in Xenorhabdus spp. (Enterobacteriaceae). J. Gen. 
MicrobiaL 134: 751-761. 
169 
Boemare. N. E .. Akhurst. R. J. and Mourant. R. G. 1993. DNA relatedness between 
Xenorhabdus spp. (Enterobacteriaceae). symbiotic bacteria of entomopathogenic 
nematodes. and a proposal to transfer Xenorhabdus luminescens to a new genus. 
Photorhabdus gen. nov. [nternat. J. Syst. Bactriol. 43: 249-255. 
Brm\TI. I. M. and Gaugler. R. 1996. Cold tolerance of steinemematid and heterorhabditid 
nematodes. J. Therm. Bioi. 21: 115-121. 
Burman. M. and Pye. A. E. 1980. Neoaplectana carpocapsae: movements of nematode 
populations on a thermal gradient. Exp. Parasitol. 49: 258- 265. 
Cabanillas. H. E .. Poinar Jr., G. 0. and Raulston. J. R. 1994. Steinernema riobravis n. sp. 
(Rhabditida: Steinemematidae) from Texas. Fundam. Appl. Nematol. 17: 123-131. 
Campbell. C. M. and Davis, P. S. 1978. Temperature acclimation in the teleost, Blennius 
pholis: changes in enzyme activity and cell structure. Camp. Biochem. Physiol. 
618: 165- 167. 
Caroli. L.. Glazer. L and Gaugler. R. 1996. Entomopathogenic nematode infectivity 
assays: comparison of penetration rate into different hosts. Biocont. Sci. Technol. 
6: 227-233. 
Cossins, A. R. 1983. The adaptation of membrane structure and function to changes in 
temperature. In: Cossins. A. R. and Sheterline. P. (Eds). Cellular acclimatization 
to environmental change. Cambridge University Press, Cambridge: 3-32. 
170 
Curran. J. 1990. Molecular techniques in taxonomy. In: Gaugler. R. and Kaya. H. K. 
( Eds.) Entomopathogenic nematodes in biological control. CRC Press. Boca Raton. 
FL. pp. 63-74. 
Curran. J. and Webster. J. M. 1984. Reproductive isolation and taxonomic differentiation 
of Romanomermis culicivorax Ross & Smith 1976 and R. communensis Galloway 
& Brust 1979. J. Nematol. 16: 375-379. 
Curran. J .• Gilbert. C. and Bulter. K. 1992. Routine cryo- preservation of isolates of 
Steinernema and Heterorhabditis spp. J. Nematol. 24: 269- 270. 
DiMichele. L. Paynter. K. T. and Powers. D. A. 1991. Evidence of lactate 
dehydrogenase-a allozyme effects in the teleost, Fundulus heteroclitus. Sci. 253: 
898-900. 
Dunphy. G. B. and Webster, J. M. 1986. Temperature effects on the growth and virulence 
ofSteinernemafeltiae strains and Heterorhabditis heliothidis. J. Nematol. 18: 270-
'27'2. 
Easteal. S. and I. A. Boussy. 1987. A sensitive and efficient isoenzyme technique for 
small arthropods and other invertebrates. Bull. Entomol. Res. 77: 407-15. 
Ehlers. R. -U. 1996. Current and future use of nematodes in biocontrol: practice and 
commercial aspects with regard to regulatory policy issues. Biocont. Sci. TechnoL 
6: 303-316. 
171 
Ehlers. R. -U. and Hokkanen. H. M. 1996. [nsect biocontrol with non-endemic 
entomopathogenic nematodes (Steinernema and Heterorhabditis spp.): conclusions 
and recommendations of a combined OECD and COST workshop on scientific and 
regulatory policy issues. Biocont. Sci. Technol. 6: 295- 302. 
Epsky. N. D .. Walter. D. E. and Capinera. J. L. L 988. Potential role of nematophagous 
microarthropods as biotic mortality factors of entomogenous nematodes 
(Rhabditida: Steinernematidae and Heterorhabditidae). J. Econ. Entomol. 81: 821-
825. 
Fan. X. and Hominick. W. M. 1991. Effects of low storage temperature on survival and 
infectivity of two Steinernema species (Nematoda: Steinernematidae). Rev. 
Nematol. 14: 407- 412. 
Finney-Crawley. J. R. L 985. Isolation of cold tolerant steinernematid nematodes m 
Canada. J. Nematol. 17: 496. 
Finney. J. R. and Bennett, G. F. 1984. Heterorhabditis: a potential biocontrol agent of 
agricultural and forest pests in Newfoundland. J. Agric. Entomol. 1: 287- 295. 
Fodor. A .. Dey. I., Farkas, T. and Chitwood, D. J. 1994. Effects of temperature and 
dietary lipids on phospholipid fatty acids and membrane fluidity in Steinernema 
carpocapsae. J. Nematol. 26: 278-285. 
Forge. T. and Macguidwin. A. E. 1992. Impact of thermal history on tolerance of 
A1eloidogyne hapla second-stage juveniles to external freezing. J. Nematol. 24: 
262- 268. 
172 
Fry. F. E. 1. 1967. Responses of vertebrate poikilotherms to temperature. In: Rose. A. H. 
(Ed.) Thermobiology. Academic Press. New York. pp. 375-404. 
Friedman. M. J. 1990. Commercial production and development. In: Gaugler. R. and 
Kaya. H. K. (eds.) Entomopathogenic Nematodes in Biological Control. CRC 
Press. Boca Raton. FL. pp. 153- 172. 
Fujiie. A .. Takata. Y .. Tachiban~ M. and Yokoyam~ T. 1996. Insecticidal activity of an 
entomopathogenic nematode. Steinernema kushidai (Nematoda: Steinemematidae) 
against A.nomala cuprea (Coleoptera: Scarabaeidae) larvae under different soil 
moisture conditions. Appl. Entomol. Zool. 31: 435- 455. 
Fukumoto. S .. D. Nagai. S. Yazaki. H. Kamo. and Yamaguchi, T. 1988. The molecular 
phylogenetic tree of the genus Trichinella constructed from isozyme patterns. 
Parasitol. Res. 74: 574-580. 
Gaugler. R. 1988. Ecological considerations in the biological control of soil inhabiting 
insects with entomopathogenic nematodes. Agric. Ecosyst. Environ. 24: 351-360. 
Gaugler. R. and Boush, G. M. 1978. Effects of ultraviolet radiation and sunlight on the 
entomogenous nematode Neoaplectana carpocapsae. 1. Invertebr. Pathol. 32: 291-
296. 
Gaugler, R. and Hashmi, S. 1996. Genetic engineering of an insect parasite. Genetic 
Engg. 18: 135-155. 
Gaugler. R .. and Kaya H. K. 1990. Entomopathogenic nematodes in biological controL 
CRC Press. Boca Raton, FL., pp 1- 349. 
173 
Geden. C. 1 .. A.x:telL R. C. and Brooks. W. M. 1985. Susceptibility of the lesser 
mealworm. A./phitobius diaperinus (Coleoptera: Tenebrionidae) to the 
entomogenous nematode Steinernema jidtiae. S. glaseri (Steinemematidae) and 
Heterorhabditis heliothidis (Heterorhabditidae). J. Entomol. Sci. 20: 331- 339. 
Georgis. R. 1990. Formulations and application technology. In: Gaugler. R. and Kaya. H. 
K. (Eds.) Entomopathogenic Nematodes in Biological Control. CRC Press. Boca 
Raton. FL., pp. 173- 194. 
Georgis. R. and Gaugler. R. 1991 . Predictability in biological control using 
entomopathogenic nematodes. J. Econ. Entomol. 84: 713-720. 
Gibson. D. M., Moreau. R. A., McNeil. G. P. and Brodie, B. B. 1995. Lipid composition 
of cyst stages of Globodera rostochiensis. J. NematoL 27, 304-31 L 
Glazer. I. 1996. Survival mechanisms of entomopathogenic nematodes. Biocont. Sci. 
Technol. 6: 373-378. 
Glazer. I. and Navon. A. 1990. Activity and persistance of entomoparasitic nematodes 
tested against Heliothis armigera (Lepidoptera: Noctuidae). J. Econ. Entmol. 83: 
1795-1800. 
Glazer, L Liran, N. and Steinberger, Y. 1991. A survey of entomopathogenic nematodes 
(Rhabditida) in the Negev Desert. Phytoparasitica. 19: 291- 300. 
Gordon. R. and Burford. I. R. 1984. Transport of palmitic acid across the tegument of the 
entomophilic nematode Romanomermis culicivorax J. Nematol. 16: 14- 21. 
174 
Gordon. R .. Finney. J. R .. Condon. W. 1. and Rusted. T. N. 1979. Lipids in the storage 
organs of three mermithid nematodes and in the hemolymph of their hosts. Comp. 
Biochem. PhysioL 64 8: 369-374. 
Gordon. R .. Chippett. J. and Tilley. J. 1996. Effects of t\-VO carbamates on infective 
juveniles of Steinernema carpocapsae All strain and Steinernema fe/tiae Umea 
strain. J. NematoL 28: 310-317. 
Gray. P. 1975. The microtomist's formulary and guide. New York: Robert E. Krieger 
Publishing Company. 
Grewal. P. S. and Smith. C. 1995. Insect-parasitic nematodes for mushroom pest controL 
Mush. News. 14: 15-25. 
Grewal. P. S .. Selvan. S. and Gaugler. R. 1994. Thermal adaptation of entomopathogenic 
nematodes: niche breadth for infection. establishment. and reproduction. J. Therm. 
Biol. 19: 245-253. 
Grewal. P. S .• Gaugler, R., Kaya. H. K. and Wusaty, M. 1993. Infectivity of the 
entomopathogenic nematode Steinernema scapterisci (Nematoda: 
Steinemematidae). J. Invertebr. Pathol. 62: 22-28. 
Grewal. P. S ., Gaugler, R. and Shupe. C. 1996. Rapid changes in thermal sensitivity of 
entomopathogenic nematodes in response to selection at temperature extremes. J. 
Invertebr. Pathol. 68: 65-73. 
175 
Griffin. C. T. 1993. Temperature responses of entomopathogenic nematodes: implications 
for the success of biological control programmes. In Bedding. R .. Akhurst. R and 
Kaya. H. K. (Eds.) Nematodes and the biological control of insect pests. CSIRO. 
Australia. 
Griffin. C. T. 1996. Effects of prior storage conditions on the infectivity of 
Heterorhabditis sp. (Nematoda : Heterorhabditidae). Fundam. Appl. Nematol. 19: 
95-102. 
Griffin. C. T .. Moore. J. F. and Downes. M. J. 1991. Occurrence of insect-parasitic 
nematodes (Steinemematidae. Heterorhabditidae) in the republic of Ireland. 
Nematologica. 37: 92-100. 
HazeL J. R. 1995. Thermal adaptation m biological membranes: is homeoviscous 
adaptation the explanation? Annu. Rev. Physiol. 57: 19-42. 
HazeL J. R. and Prosser. C. L. 1974. Molecular mechanisms of temperature compensation 
in poikilotherms. Physiol. Rev. 54: 620-677. 
Hazel. J. R. and Williams. E. E. 1990. The role of alterations in membrane lipid 
composition in enabling physiological adaptation of organisms to their physical 
environment. Prog. Lipid Res. 29: 167-227. 
Heben. Paul D. N. and Beaton. M. J. 1993. Methodologies for allozyme analysis using 
cellulose acetate electrophoresis: a practical handbook. An educational service of 
Helena Laboratories. Beaumont. Texas. U.S.A. 
176 
Henneberry. T. J .• Forlow Jech. L. Burke. R. A. and Lindegren. J. E. 1996. Temperature 
effects on infection and mortality of Pectinophora gossypiella (Lepidoptera: 
Gelechiidae) larvae by two entomopathogenic nematode species. Environ. Entomol. 
25: 179- 183. 
Hochachka. P. W. and Clayto-Hochachka. B. 1973. Glucose-6-phosphate dehydrogenase 
and thermal acclimation in the mullet tish. Mar. Bioi. 18: 251- 259. 
Hochachka. P. W. and Hayes. F. R. 1962. The effect of temperature acclimation on 
pathways of glucose metabolism in the trout. Can. J. Zool. 20: 261- 270. 
Hochachka. P. W. and Somera. G. N. 1973. Strategies of biochemical adaptation. 
Saunders. Philadelphia. 
Hochachka. P. W. and Somero, G. N. 1984. Biochemical Adaptation. Princeton University 
Press. New Jersey. 
Hominick. W. M. and Reid, A. P. 1990. Perspectives on entomopathogenic nematology. 
In: Gaugler, R. and Kaya, H.K. (Eds.) Entomopathogenic Nematodes in Biological 
ControL CRC Press. Boca Raton. FL. pp. 327- 345. 
Hominick. W. M .. Reid, A. P., Bohan, D. A. and Brisco, B. R. 1996. Entomopathogenic 
nematodes: biodiversity, geographical distribution and the convention on biological 
diversity. Biocont. Sci. Technol. 6: 317-331. 
Hooper. D. J. 1986. Handling, fixing, staining and mounting nematodes. In: Southey, J. 
F. (Ed.) Laboratory methods for work with plant soil nematodes. Her Majesty's 
Staionary Office, London, pp. 59-80 
177 
Howling. G. G .. Bale. J. S. and Harrington. R. 1994. Effects of extended and repeated 
exposures to low temperature on mortality of the peach-potato aphid /v/yzus 
persicae. Ecol. EntomoL 19: 361-366. 
Huette!. R. N .. D. W. Dickson, and D.P. Kaplan. 1983. Biochemical identification ofthe 
two races of Radopholus simi/is by starch gel electrophoresis. J. Nematol. 15: 338-
344. 
Ibrahim. S. K .. R.N. Perry, and D. 1. Hooper. 1994. Use of esterase and protein patterns 
to differentiate two new species of Aphelenchoides on rice from other species of 
Aphelenchoides and from Ditylenchus angustus and D. myceliophagus. 
Nematologica 40: 267-275. 
Jagdale. G. B .. Gordon. R. and Vrain, T. C. 1996. Use of cellulose acetate electrophoresis 
in the taxonomy of steinemematids (Rhabditida. Nematoda). J. Nematol. 28: 301-
309. 
Joanisse. D. R. and Storey, K. B. 1994. Enzyme activity profiles in an overwintering 
population of freeze-tolerant larvae of the gall fly, Eurosta solidaginis. 1. Comp. 
Physiol. 1648: 247-255. 
Johnston. L A. 1983. Cellular responses to an altered body temperature: the role of 
alterations in the expression of protein isoforms. In: Cossins, A. R. and Sheterline, 
P. (Eds.) Cellular Acclimatization to Environmental Change. Cambridge University 
Press. Cambridge, 121-144. 
178 
Kaplan. D. T. 1996. Molecular polymorphisms associated with host-range in the highly 
conserved genomes of burrowing nematodes, Rodopholus spp. lVlol. Plant-Micro. 
Int. 9: 32-38. 
Kaya. H. K. 1977. Development of the DD-136 strain of Neoaplectana carpocapsae at 
constant temperatures. J. Nematol. 9. 346-349. 
Kaya. H. K. 1990. Soil ecology. In: Gaugler, R. and Kay~ H. K. (Eds.) 
Entomopathogenic Nematodes in Biological Control. CRC Press, Boca Raton, FL.. 
pp. 93- 116. 
Kaya. H. K .. Bedding, R. A. and Akhurst. R. J. 1993. An overview of insect-parasitic 
entomopathogenic nematodes. In: Bedding, R., Akhurst, Rand Kaya, H. K. (Eds.) 
Nematodes and the biological control of insect pests. CSIRO, Australia. pp. 1- 10. 
Kaya. H. K. and Gaugler, R. 1993. Entomopathogenic nematodes. Annu. Rev. Entomol. 
38: 181- 206. 
Kaya. H. K. and Koppenhofer, A. 1996. Effects of microbial and other antagonistic 
organisms and competition on entomopathogenic nematodes. Biocont. Sci. 
Technol. 6: 357-371. 
Kaya, H. K and Thurston, G. S. 1993. Soil microorganisms affecting entomopathogenic 
nematodes. In: Bedding, R., Akhurst, Rand Kaya, H. K. (Eds.) Nematodes and the 
biological control of insect pests. CSIRO. Australia. pp. 97-104. 
179 
Klein. YL G. 1990. Efficacy against soil-inhabiting insect pests. In: Gaugler R. and Kaya. 
H. K. (Eds.) Entomopathogenic Nematodes in Biological Control. CRC Press. 
Boca Raton. FL.. 195- 214. 
Klein. Nl. G. 1993. Biological control of Scarabs with entomopathogenic nematodes. In: 
Bedding, R .. Akhurst~ R and Kaya. H. K. (Eds.) Nematodes and the biological 
control of insect pests. CSlRO. Australia. pp. 49- 58. 
Kozodoi. E. M .. D. A. Voronov. and S. E. Spiridinov. 1986. The use of an electrophoretic 
method to determine the species association of Neoaplectana specimens. Trudy 
Gel'minthologicheskoi laboratorii (Voprosy biotsenologii gel'mintov) 34: 55- 59. 
Kung. S. P .. Gaugler. R. and Kaya. H. K. l990a. Influence of soil pH and oxygen on 
entomopathogenic nematode persistance. J. Nematol. 22: 440-445. 
Kung. S. P .. Gaugler. R. and Kaya, H. K. 1990b. Soil type and entomopathogenic 
nematode persistance. J. Invertebr. Pathol. 55: 401- 406. 
Kung. S. P .. Gaugler. R. and Kaya. H. K. 1991. Effects of soil temperature, moisture, and 
relative humidity on entomopathogenic nematode persistance. J. Invertebr. Pathol. 
57: 242- 249. 
Lehninger. A. L. 1979. Biochemistry. Worth Publishers, New York. 
Lin. J .. Macleod. S. and Kuo, C. 1996. Qualitative and quantitative strategies of thermal 
adaptation of grass carp (Ctenopharyngodon idella) cytoplasmic malate 
dehydrogenase. Fish Physiol. Biochem. 15: 71-82. 
180 
Lin. J. 1. and Somero. G. N. 1995. Temperature-dependent changes in expression of 
thermostable and thermolabile isozymes of cytoplasmic malate dehydrogenase in 
the eurythermal goby fish Gillichthys mirabilis. Physiol. Zoot. 68: 114-128. 
~· 
Lisansky. S. G. and Coombs. J. 1994. Developments in the market for biopesticides. In: 
Brighton crop protection- pests and diseases. Farnham. Surrey, UK. BCPC. 
Registered Office. pp. 1 049-l 054. 
Liu. J .• and R. E. Berry. 1995. Determination of PCR conditions for RAPD analysis in 
entomopathogenic nematodes (Rhabditida: Heterorhabditidae and 
Steinernematidae). J. Invertebr. Pathol. 65: 79-81. 
Liu. A. and Rothstein. M. 1976. Nematode biochemistry- XV. Enzyme changes related 
to glycerol excretion in Caenorhabditis briggsae. Comp. Biochem. Physiol. 548: 
233- 238. 
Low-ry. 0. H.. Rosebrough. N. J., Farr. A. L. and Randall, R. J. 1951. Protein 
measurements with the folin phenol reagent. J. Bioi. Chern. 193: 265-278. 
Mabbett, K. and Wharton. D. A. 1986. Cold tolerance and acclimation in the free-living 
nematode Panagrellus redivivus. Rev. Nematol. 9: 167-170. 
Marcus, N. H. 1977. Temperature induced isozyme variants in individuals of the sea 
urchin, Arbacia punctulata. Comp. 8iochem. Physiol. 58 8: 109-113. 
Mason. J.M. and Hominick. W. M. 1995. The effect of temperature on infection, 
development and reproduction of heterorhabditids. J. Helminthol. 69: 337-345. 
181 
Metcal[ R. L. and Luckmann. \V. H. 1994. Introduction to insect pest management. A 
\Vi1ey-Interscience publication. John Wiley and Sons. Inc. New York. pp. 650. 
Molyneux. A. S. 1985. Survival of infective juveniles of Heterorhabditis spp .. and 
Steinernema spp. (Nematoda: Rhabditida) at various temperatures and the 
subsequent infectivity for insects. Rev. Nematol. 8: 165-170. 
Molyneux. A. S. 1986. Heterorhabditis spp. and Steinernema (= Neoaplactana) spp.: 
temperatures. and aspects ofbehaviour and infectivity. Exp. Parasitol. 62: 169-180. 
Molyneux. A. S. and Bedding. R. A. 1984. Influence of soil texture and moisture on the 
infectivity of Heterorhabditis sp. D 1 and Steinernema glaseri for larvae of the 
sheep blowfly, Lucilla cuprina. Nematologica 30: 358-365. 
Moon. T. W. and Hochachka. P. W. 1971. Temperature and enzyme activity in 
poikilotherms: isocitrate dehydrogenases in rainbow trout liver. Biochem. J. 123: 
695-705. 
Mracek. Z. and Webster. J. M. 1993. Survey of Heterorhabditidae and Steinemematidae 
(Rhabditida, Nematoda) in western Canada. J. Nematol. 25: 710-717. 
Nickle. W. R. 1981. Mermithid parasites of agricultural pest insects. J. Nematol. 13: 262-
266. 
Nogueira. M. A. 1996. Nematicidal hydrocarbons from Mucuna anterrima. Phytochem. 
42: 997- 998. 
Norusis. M. J./SPSS INC. (1990). SPSSIPC+. Advanced Statisticsr.w 4.0 for the IBM 
PC/XT/AT and PS/2. Chicago, ILL: SPSS Inc. 
182 
Nugent. YL J .. O'Lt!ary. S. A. and Burnell. A. M. 1996. Optimised procedures for the 
cryopreservation of different species of Heterorhabditis. Fundam. Appl. Nematol. 
19: l-6. 
Ozemyuk. N.D .. Klyachko 0. S. and Polosukhina. E. S. 1994. Acclimation temperature 
affects the functional and structural properties of lactate dehydrogenase from fish 
C'vlisgurnus fossilis) skeletal muscles. Comp. Biochcm. Physiol. l07B: 141-145 
Paggi. L.. G. Nascetti. R. Chianchi. P. Orecchia. S. Mattiucci. S. D'Ame1io, B. Berland, 
J. Brattey. J. W. Smith. and L. Bullini. 1991. Genetic evidence for three species 
within Pseudoterranova decipiens (Nematoda, Ascaridida, Ascaridoidea) in the 
North Atlantic and Norwegian and Barents Seas. Intemat. J. Parasitol. 21: 195-212. 
Payan. L. A .. and D. W. Dickson. 1990. Comparison of populations of Pratylenchus 
brachyurus based on isozyme phenotypes. J. Nematol. 22: 538-545. 
Petersen. J. J. 1984. Nematode parasites of mosquitoes. In: Nickle. W. R. (Ed.) Plant and 
insect nematodes. Marcel Dekker, INC. New York, pp. 797- 820. 
Petersen. J. 1. 1985. Nematodes as biocontrol agents: part I. Mermithidae. Adv. Parasitol. 
24: 307-340. 
Peterson. G. L. 1977. A simplification of the protein assay method of Lowry et a!. which 
is more generally applicable. Anal. Biochem. 83: 346. 
Pickup. J. 1990. Strategies of cold-hardiness in three species of Antarctic dorylaimid 
nematodes. J. Comp. Physiol. 1608: 167-173. 
183 
Poinar. G. 0. Jr. 1979. Nematodes tor biological control of insects. CRC Press. Boca 
Raton. FL. 
Poinar. G. 0. Jr. 1988. A microsporidian parasite of Neoaplectana glaseri 
(Steinemematidae: Rhabditida}. Rev. NematoL 11: 359- 361. 
Poinar. G. 0. Jr. 1990. Ta.xonomy and biology ofSteinemematidae and Heterorhabditidae. 
In: Gaugler. R. and Kaya. H. K. (Eds.) Entomopathogenic nematodes in biological 
controL CRC Press. Boca Raton. FL. pp. 23- 62. 
Poinar. G. 0 .. Jr. and Jansson. H. B. 1986. Susceptibility of Neoaplectana spp. and 
Helerorhabditis heliothidis to the endoparasitic fungus Drechmeria coniospora. J. 
NematoL 18: 225-230. 
Poinar. G. 0 .. Jr. and Kozodoi, E. M. 1988. Neoaplectana glaseri and N. anomali: sibling 
species or parallelism? Rev. Nematol. 11: 13-19. 
Popiel. L and Hominick, W. M. 1992. Nematodes as biological control agents: part II. 
Adv. Parasitol. 31: 381-433. 
Pye. A. E. and Pye, N. L 1985. Different applications of the insect parasitic nematode 
:Veoapleclana carpocapsae to control the large pine weevil. Hylobius abielis. 
Nematologica 31: 1 09-116; 1985. 
Quinn, J. M .• Steele, G. L, Hickey. C. W. and Vickey, M. L. 1994. Upper thermal 
tolerances of twelve New Zealand stream invertebrate species. New Zealand J. 
Mar. Freshwater Res., 28: 391- 397. 
184 
Reid. A. P .. and W. tvL Hominick. 1992. Restriction fragment length polymorphism within 
the ribosomal DNA repeat unit ofBritish entomopathogenic nematodes (Rhabditida 
: Steinernematidae). Parasitol. 105: 317-323. 
Reimers. J. M .. Huang. Q., Albe. K. R. and Wright. B. E. 1993. Purification and kinetic 
characterization of glucose-6-phosphate dehydrogenase from Dictyosrelium 
discoideum. Exp. Mycol. I 7: l-6. 
Richardson. B. J .• Haverstock. P. R. and Adams. M. 1986. Allozyme electrophoresis: a 
handbook for animal systematics and population studies. Academic Press. New 
York. 
Richardson. P. N. and Grewal. P. S. 1994. Insect-parasitic rhabditid nematodes and the 
soil environment. In: Bhandari. S. C. and Somani, L. L. (eds.) Ecology and 
biology of soil organisms. Agrotech Publishing Academy, Udaipur. India. pp. 106-
130. 
Schmidt-Nielsen. K. 1995. Animal physiology: adaptation and environment. Cambridge 
University Press, Cambridge. 
Schmiege. D. C. 1963. The feasibility of using a neoaplectanid nematode for control of 
some forest pests. J. Econ. Entomol. 56: 427- 431. 
Selvan. S .. Gaugler, R. and Lewis, E. E. l993a. Biochemical energy reserves of 
entomopathogenic nematodes. J. Parasitol. 79: 167-172. 
185 
Selvan. S .. Gaugler. R. and Grewal. P. S. l993b. Water content and fany acid 
composition of infective juvenile entomopathogenic nematodes during storage. J. 
Parasitol. 79: 510-516. 
Selvan. S.. Grewal. P .S.. Leustek. T. and Gaugler. R. 1996. Heat shock enhances 
thermotolerance of infective juvenile insect-parasitic nematodes Heterorhabditis 
hacteriophora (Rhabditida: Heterrhabditidae). Experientia 52: 727-730. 
Sha. C. Y. 1985. A comparative analysis of esterase of the insect parasitic nematodes of 
the genus Neoaplectana. Acta Zoo tax. Sin. 10: 246. 
Shamseldean. M. M. and Platzer. E. G. 1989. Romanomermis culicivorax: penetration of 
larval mosquitoes. 1. [nvertbr. Pathol. 54: 191- 199. 
Shapiro. D. L Glazer. Land Segal. D. 1996. Trait stability and fitness of the heat tolerant 
entomopathogenic nematode Heterorhabditis bacteriophora lSS strain. Bioi. 
Control. 6: 238-244. 
Sherman. I. W .• and G. 1. Jackson. 1963. Zymograms of the parasitic nematodes~ 
Neoapleccana glaseri and N carpocapsae. grown axenically. J. Parasitol. 49: 392-
397. 
Sidell. B. D. 1983. Cellular acclimatization to environmental change by quantitative 
alterations in enzymes and organelles. In: Cossins~ A. R. and Sheterline. P. (Eds.) 
Cellular Acclimatization to Environmental Change. Cambridge University Press~ 
Cambridge~ pp. 103-120. 
186 
Simons. \V. R. and Poinar. G. 0. Jr .. 1973. The ability of Neoaplectana carpocapsae 
(Steinemematidae: Nematodea) to survive extended periods of desiccation. J. 
lnvertebr. PathoL 22: 228- 230. 
Sinensky. M. 1974. Homeoviscous adaptation- a homeostatic process that regulates the 
viscosity of membrane lipids in Escherichia coli. Proc. Nation. Acad. Sci. U.S.A 
71: 522-525. 
Smart. Jr. G. C. 1995. Entomopathogenic nematodes for the biological control of insects. 
SuppL J. Nematol. 27: 529-534. 
Somera. G. N. 1995. Proteins and temperature. Annu. Rev. Physiol. 57: 43-68. 
Semme. L 1982. Supercooling and winter survival in terrestrial arthropods. Comp. 
Biochem. Physiol. 73A: 519-543. 
Steiner. W. A. 1996. Dispersal and host-fmding ability of entomopathogenic nematodes 
at low temperatures. Nematologica 42, 243-261. 
Storey. K. B. and Storey, J. M. 1992. Biochemical adaptations for winter survival in 
insects. In: Stepokus, P. L (Ed.) Advances in low-temperature biology vol. L Jai 
Press Ltd. London, pp. 101 - 140. 
Stryer. L. 1988. Biochemistry. W. H. Freeman and Company, New York. 
Sumner, J. L. and Morgan, E. D. 1969. The fatty acid composition of sporangiospores and 
vegetative mycelium of temperature-adapted fungi in the order Mucorales. J. Gen. 
Microbial. 59, 215-219. 
187 
Surrey. M. R. 1996. The effect of rearing method and cool temperature acclimation on the 
cold tolerance of Heterorhabditis =ealandica infective juveniles (Nematoda : 
Heterorhabditidae). Cryo-len. 17: 313- 320. 
Timper. P. and Kaya. H. K. 1989. Role of the second stage cuticle of entomogenous 
nematodes in preventing infection by nematophagous fungi. J. Invertebr. Pathol. 
54: 314-321. 
Vetter. A. A. H. 1995. Ecophysiological studies on citrate-synthase: (I) enzyme regulation 
of selected crustaceans with regard to temperature adaptation. J. Camp. Physiol. 
1658: 46-55. 
Vrain. T. C .• D. A. Walkarchuk. A. Levesque. and R. L Hamilton. 1992. Intraspecific 
rONA Restriction Length Polymorphism in the Xiphinema americanum group. 
Fundam. Appl. Nematol. 15: 563-573. 
West. R. J. and Vrain. T. C. 1997. Nematode control of black army cutworm 
(Lepidoptera: Noctuidae) under laboratory and field conditions. Can. EntmoL (in 
press). 
Wharton. D. A. and Brown, L M. 1991. Cold-tolerance mechanisms of the antarctic 
nematode Panagrolaimus davidae. J. Exp. Biol. 155: 629- 64l. 
Wharton. D. A. and Surrey, M. R. 1994. Cold tolerance mechanisms of the infective 
larvae of the insect parasitic nematode, Heterorhabditis zealandica Poinar. Cryo-
lett. 15: 353- 360. 
188 
Williams. E. C. and Macdonald. 0. C. 1995. Critical factors required by the nematode 
Sreinernema feltiae for the control of the leafminers Liriomyza huidobrensis, 
LiriomJ-=a bryoniae and Chromatomyia syngenesiae. Ann. Appl. Bioi. 127: 329-
341. 
Womersley. C.Z. 1990. Dehydration survival and anhydrobiotic potential. In Gaugler, R. 
and Kaya. H. K. (Eds.) Entomopathogenic nematodes in biological control. CRC 
Press. Boca Raton, FL.. pp. 117- 138. 
Woodring. J. L. and H. K. Kaya. 1988. Steinemematid and Heterorhabditid nematodes: 
a handbook of techniques. Southern Cooperative Series Bulletin 331. Arkansas 
Agricultural Experiment Station. Fayetteville, AR. 
Wright. P. 1. 1992. Cool temperature reproduction of steinernematid and heterorhabditid 
nematodes. J. Invertebr. Pathol. 60: 148- 151. 
Yamauchi. T .. Stegeman, J. 1. and Goldberg, E. 1975. The effects of starvation and 
temperature acclimation on pentose phosphate pathway dehydrogenases in brook 
trout liver. Arch. Biochem. Biophys. 167: 13- 20. 
Yamawaki. H. and Tsukud~ H. 1979. Significance of the variation in isoenzymes of liver 
lactate dehydrogenase with thermal acclimation in goldfish. I. thermostability and 
temperature dependency. Comp. Biochem. Physiol. 62 B: 89-93. 
Zervos, S.. Johnson, S. C. and Webster, J. M. 1991. Effect of temperature and inoculum 
size on reproduction and development of Heterorhabditis heliothidis and 
Steinernema glaseri (Nematoda: Rhabditoidea) in Galleria mellonella. Can. J. 
Zool. 69: 1261- 1264. 
189 
Appendix I 
Details of the Recycling Procedure 
The method was based on Woodring and Kaya ( 1988). At each recycling 
temperature. for any given strain. 1000 infective juveniles were used to infect l 00 wax 
moth (G. mellonella) larvae. [nfections were arranged in Petri dishes (9 em; l 0 insects, 
100 infective juveniles/dish). After the insects died (l-2 days), they were transferred and 
grouped together in White traps. Following emergence of the infective juveniles from the 
White traps. they were used to re-institute new infections. 




